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 ABSTRACT 
 
Control Over Cadmium Chalcogenide Nanocrystal Heterostructures via 
Precursor Conversion Kinetics 
 
Leslie Sachiyo Hamachi 
 
Semiconductor nanocrystals have immense potential to make an impact in 
consumer products due to their narrow, tunable emission linewidths. One factor 
limiting their use is the ease and reproducibility of core/shell nanocrystal 
syntheses. This thesis aims to address this issue by providing chemical control 
over the formation of core/shell nanostructures by replacing engineering controls 
with kinetic controls. 
Chapter 1 contextualizes our study on nanoparticle synthesis with a brief 
discussion on the physics of quantum confinement and the importance of narrow 
size dispersities, core/shell band alignments, and low lattice mismatches and strain 
at core/shell nanocrystal interfaces. Next, the evolution of cadmium chalcogenide 
nanocrystal reagents is described, ranging from the original organometallic 
reagents used in the 1980s to modern approaches involving cadmium 
phosphonates and carboxylates. This is followed by a description of chalcogen 
precursors, highlighting the recent introduction of molecules whose well-
controlled and tunable reaction rates allow for the size tuning of nanocrystals at 
100% yield, and accompanying theories on nanocrystal nucleation.  
 
  Chapter 2 covers work to expand the library of available sulfur precursors 
to a wider range of molecules relevant for the synthesis of cadmium sulfide 
nanocrystals. Using thioureas alone, only very fast or very slow precursor 
conversion rates can be accessed. This limits the accessible sizes of cadmium 
sulfide nanocrystals using a single hot injection of precursor at standardized 
reaction conditions. We observe that thiocarbonate and thiocarbamate precursors 
with varying electronic substituents allow access to intermediate precursor 
conversion rates and cadmium sulfide nanocrystal sizes. Interestingly, we note 
that these new precursor classes nucleate particles with higher monodispersity 
than ones synthesized from thioureas. These results indicate that in addition to 
precursor structure controlling precursor conversion rate, precursor structure 
additionally impacts nanocrystal monodispersity. 
 Chapter 3 expands the library of sulfur and selenium precursors to include 
cyclic thiones and selenones which extends chemical control of precursor 
conversion kinetics to cover five orders of magnitude. This unprecedented breadth 
of rate control allows for the simultaneous hot injection of multiple precursors to 
generate core/shell or alloyed nanoparticles using precursor reactivity. Using this 
new synthetic strategy, we observe that kinetic control runs into several issues 
which we partially attribute to differences in cadmium sulfide and cadmium 
selenide critical concentrations and growth rates. Nevertheless, combined with a 
 syringe pump shelling method, we are able to access core/shell and alloyed 
nanocrystals with photoluminescence quantum yields of 67-81%. 
 Chapter 4 applies the concept of nanostructure control via precursor 
conversion kinetics to a better model system: two-dimensional nanoplatelets. 
Cadmium chalcogenide nanoplatelets are highly desirable materials due to their 
exceptionally narrow emission full width half max (FWHM) values which make 
them pure emitters relative to quantum dots or organic dyes. We synthesize 3 
monolayer thick nanoplatelets whose lateral dimensions vary from 10 nm x 10 nm 
to 186 x 100 nm and demonstrate compositional control on the smallest platelet 
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1.1. Context and Motivation 
Cadmium chalcogenide quantum dot technologies have come a long way 
since their initial description by Brus et al., in the 1980s.1 After a series of key 
synthetic advances such as ZnS overcoating,2 development of giant multi-shell 
architectures,3 and graded architectures,4 quantum dots are now available 
commercially in QLED TVs (Nanosys, Samsung) and solid state lighting 
(OSRAM).5 Energy savings are a large driver of the incorporation of quantum dots 
into solid-state lighting; the United States Department of Energy estimates that by 
2035, solid-state lighting could potentially reduce national lighting electricity use 
by 5.1 quads, lowering U.S. electricity bills collectively by $50 billion.6 The 
advantage of quantum dots in solid-state lighting is their narrower red emission 
profiles in comparison to conventionally used rare earth phosphors which emit 




Figure 1.1.1. Replacing rare earth phosphors with quantum dot phosphors in solid 
state lighting provides 20-40% less energy loss. 
 
 In addition to use in solid-state lighting and displays, quantum dots are also 
useful as fluorescent biological imaging probes because of their high two photon 
absorbance cross sections7 and photostability compared to organic dyes or 
genetically encoded proteins.8 Other advantages of quantum dots include their 
high photoluminescence quantum yields (PLQY), narrow emission full width half 
max (FWHM) values, rapid fluorescence decay kinetics, and ease of color 
tunability via quantum confinement, especially when compared to organic dyes.9 
The utility of these materials is quite apparent, but what is a quantum dot? 
 4 
1.2. Emergent Properties at the Nanoscale 
1.2.1.  Defining the Nanoscale 
We live in a world where we interact with objects on the macroscale. Objects 
are composed of on the order of 1023 atoms. As objects shrink in size to the 
nanoscale, on the order of a few thousand atoms, novel properties arise that are 
distinct from their bulk, macroscale counterparts (Figure 1.2.1). These are referred 
to as emergent properties.10 For example, it is easy to imagine forces such as 
friction11 or conductance12 that we know how to describe at the macroscale 
breaking down on the level of the interaction of individual molecules or atoms at 
the nanoscale.  
 
 
Figure 1.2.1. Visual representation of length scales from macro to micro to nano. 
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1.2.2. Quantum Confinement and Size Effects 
Quantum confinement is another important nanoscale size effect that 
occurs in semiconductors. Semiconductors are materials that possess narrow band 
gaps, between metals which possess no band gap and insulators which possess 
extremely large band gaps (Figure 1.2.2). Specific energies of light can excite a 
semiconductor to generate an exciton, which is an electron/hole pair. 
 
 
Figure 1.2.2. Relative valence and conduction band gaps for an insulator, 
semiconductor, and metal. 
 
 In semiconductor nanocrystals, excitons can be modeled by the Bohr model 
of the hydrogen atom. Mathematically, the Bohr radius (rB) of an exciton can be 
described by: 
 6 
𝑟" = 	4𝜋𝜀(ℏ*𝑒*𝑚  
Equation 1.2.1.  
where 𝜀( is the dielectric of the semiconductor, ℏ is the reduced Planck’s constant, 
e is the charge of an electron, and m is the mass of the carrier.13 Thus, the Bohr 
radius varies in different materials. For CdS, rB = 2.8 nm, and for CdSe rB = 5.6 nm.14 
It is possible to synthesize a semiconductor nanocrystal whose dimensions are 
smaller than that of the material’s exciton Bohr radius which leads to a 
phenomenon called quantum confinement (Figure 1.2.3). Confinement of the 
exciton widens the bandgap of the semiconductor, resulting in a blueshift of the 
material’s absorbance and fluorescence spectra. Because of quantum 
confinement’s effect on semiconductor nanocrystals, sometimes these materials 
are referred to as quantum dots.15 
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Figure 1.2.3. Quantum confinement effects widen the bandgap of the 
semiconductor nanocrystal causing a size dependence of fluorescence. 
 
 Quantum confinement’s effect on the bandgap of a nanocrystal may be 
described by the Brus equation: 
𝐸./012/3(𝑟) = 𝐸./012/3(𝑏𝑢𝑙𝑘) +	ℏ*𝜋*2𝑟* < 1𝑚> + 1𝑚?@ − 1.8𝑒*𝜀𝑟  
Equation 1.2.2.  
where r is the nanocrystal radius, ℏ  is the reduced Planck constant, me is the 
effective mass of the electron, mh is the effective mass of the hole, e is the charge of 
an electron, and 𝜀 is the dielectric of the semiconductor.16 
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 Exploiting the relationship between nanocrystal radius and band gap, 
empirical sizing formulas have been developed that relate the wavelength of the 
material’s first excitonic transition to nanocrystal size:  
 
CdSe:  𝐷 = (1.6122	 ×	10HI)𝜆K − (2.6575 × 10HN)𝜆O + (1.6242 × 10HO)𝜆* −(0.4277)𝜆 + (41.57) 
Equation 1.2.3.  
 
CdS:  𝐷 = (−6.6521 × 10HP)𝜆O + (1.9557 × 10HK)𝜆* − (9.2352× 10H*)𝜆 +(13.29) 
Equation 1.2.4.  
 
where D (nm) is the diameter of a nanocrystal sample, and 𝜆  (nm) is the 
wavelength of the first excitonic absorption peak.17 Because bandgap energy 
depends on size, a nanocrystal sample’s size dispersity can have dramatic effects 
on the sharpness of an ensemble of nanocrystals’ absorbance and emission spectra. 
Therefore, much effort has been invested into controlling particle monodispersity. 
 Many scientists including physicists, materials scientists, and a wide 
variety of engineers are involved with the efforts to investigate the photophysical 
properties of semiconductor nanocrystals. In this thesis, we approach quantum 
 9 
dots from the synthetic inorganic chemist’s approach which can be described as 
follows. 
1.3. The Synthetic Inorganic Chemist’s Approach 
1.3.1.  Band Alignments 
Chemists are accustomed to describing bonding based on a molecular 
orbital picture. When describing a molecule with two interacting atomic orbitals, 
a molecular orbital picture is relatively straightforward and results in the 
formation of a bonding and an antibonding orbital. When describing a macroscale 
solid, involving 1023 interacting atoms, one can imagine that the resultant bonding 
and antibonding orbitals now compose a continuum of energy levels, rather than 
distinct, bonding and antibonding orbitals (Figure 1.3.1). Electrons associated with 
the interacting atoms then fill the associated energy levels. Chemists describe the 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) of molecular systems, whereas for larger systems, materials 




Figure 1.3.1. Representation of the increasing number of molecular orbitals as the 
number of interacting atomic orbitals increases. 
 
Quantum dots fall in a middle regime not well described by either a bulk 
continuum of energies nor a molecular orbital picture. However, one of the ways 
in which the chemist’s view of molecular orbitals enhances the materials scientist’s 
view of quantum dots deals with the description of nanocrystal surface chemistry. 
1.3.2.  Surface Chemistry 
Nanocrystals possess high surface to volume ratios due to their small size, 
rendering the chemistry of their surfaces extremely important. A semiconductor 
nanocrystal’s inorganic surface atoms are typically bound to organic ligands that 
help keep the nanocrystals colloidally dispersed. In contrast with tetrahedrally 
coordinated cadmium chalcogenide core atoms that sit in a zincblende or wurtzite 
lattice, the undercoordinated surface atoms possess energy levels that lie mid-
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bandgap and give rise to surface traps (Figure 1.3.2). Careful passivation of these 
surface states is possible using ligands.  
 
 
Figure 1.3.2. A) Diagram of undercoordinated Cd and Se atoms that lead to surface 
traps. B) Surface traps lead to nonradiative recombination. 
 
 Synthetic inorganic chemists describe nanocrystal surfaces using Malcom 
Green’s covalent bond classification system,18 which involves X type ligands as 
one electron donors, L type ligands as neutral two electron donors, and Z type 
ligands as neutral acceptors. These are the most common bonding motifs found 
on cadmium chalcogenide nanocrystal surfaces (Figure 1.3.3),19 although more 
complex binding motifs are possible both in this system and on other types of 
nanocrystals.20-21 In order to reduce the non-radiative pathways afforded by 
surface traps, Z-type ligands can be used to passivate surface chalcogens, and L-
type ligands can passivate surface cadmium atoms. The surface chemistry of 
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nanocrystals and passivation of surface traps dramatically impact properties such 
as photoluminescence quantum yields19 and fluorescence lifetimes.22 Additionally, 
our understanding of nanocrystal surfaces is particularly important in the 
discussion of surface ligand exchange, a process necessary for applications 
requiring charge transport or water solubility. Charge transport can be favored by 





Figure 1.3.3. Covalent bond classification system applied to nanocrystal surfaces. 
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1.3.3.  Core/Shell 
An alternative to using organic ligands to passivate mid-gap surface states 
is shelling the nanoparticle with a semiconductor material that has a wider band 
gap (Figure 1.3.4). If both the valence and conduction band energies of the shell 
material are higher in energy than that of the core material, the shell provides a 
potential barrier that helps prevent both the electron and hole from being able to 
access surface traps. This is a type I band alignment (Figure 1.3.5A). A second 
option, called a type II band alignment, occurs if the valence and conduction bands 
are offset so that the electron and hole localize on different materials (Figure 
1.3.5B).23-24 The third option, the quasi-type II band alignment, occurs in CdSe/CdS 
core/shell systems where the hole is localized on the core material and the electron 
localizes across the entire structure (Figure 1.3.5C). This is common in CdSe@CdS 
seeded nanorod structures.25 Type I and quasi type II band alignments have been 
shown to increase the photoluminescence quantum yield of these materials, 




Figure 1.3.4. Valence (dark grey) and conduction band (white) offsets of selected 




Figure 1.3.5. Energy level diagram of the valence and conduction band offsets for 
A) type I, B) type II, and C) quasi type II core/shell semiconductor heterostructures. 
 
 In addition to relative band alignments, crystal structure and minimizing 
lattice constant mismatches are important considerations in designing core/shell 
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heterostructures. Lattice mismatches can cause strain-induced defects at material 
interfaces that limit the performance of core/shells with favorable band 
alignments. One example occurs in CdSe/ZnS core/shell nanocrystals with a 12% 
lattice mismatch that makes it difficult to grow high quality shells thicker than 2-
3 monolayers thick (Table 1.3.1).27 Other strategies to reduce interfacial strain 
related defects include growing core/multi-shell nanocrystals that gradually 
transition between materials with less lattice mismatch such as CdSe/ZnSe/ZnS,28 
introducing alloying in between the layers such as CdSe/CdS/Cd1-xZnxS/ZnS,29 or 
growing spherical quantum wells with thin emissive layers such as CdS/CdSe/CdS 
core/shell/shell nanocrystals.30 
 
Table 1.3.1. Common semiconductor zincblende lattice parameters.31-32  
 Sulfide Selenide Telluride Phosphide Arsenide 
Zinc 0.541 nm 0.567 nm 0.610 nm   
Cadmium 0.582 nm 0.608 nm 0.648 nm   
Mercury 0.585 nm 0.609 nm 0.645 nm   
Aluminum    0.546 nm 0.566 nm 
Gallium    0.545 nm 0.565 nm 
Indium    0.586 nm 0.605 nm 
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1.4. Nanocrystal Synthesis 
1.4.1. Historical Context 
 Following the work of Steigerwald and Brus in the 1980s,1 Murray and 
Bawendi developed a monodisperse cadmium chalcogenide nanocrystal synthesis 
via the hot injection of dimethyl cadmium and bis(trimethylsilyl)sulfide/selenide 
or tri-n-octylphosphine sulfide/selenide.33 Due to the extreme reactivity of these 
precursors at elevated reaction temperatures (300 °C), these reactions proceed via 
“burst nucleation” and mixing-limited reaction kinetics.34 In order to obtain the 
desired nanocrystal sizes, reactions must be stopped before the complete 
consumption of precursors, relying on engineering controls rather than chemical 
control. 
 In subsequent years, the field moved towards “greener” reagents for both 
the metal and chalcogen precursors. The highly toxic organometallic cadmium 
precursor was replaced with cadmium phosphonates or cadmium carboxylates 
synthesized via the reaction of CdO and phosphonic acids or carboxylic acids in 
situ,35-36 and the chalcogen precursors expanded to include mixtures of sulfur and 
selenium in octadecene which generate H2S and H2Se in situ.37-38 Additionally, as 
an alternative to hot injection syntheses, Hyeon popularized heat-up reactions.39-40 
These reactions rely on carefully controlled heating rates to afford control over the 
nanocrystal products. To date, some of the most robust zincblende CdSe 
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nanocrystals in the literature are synthesized via a heat-up reaction using 
chemicals such as SeO2.41  
1.4.2. Precursor Conversion Limited Kinetics 
In many nanocrystal reactions, the size of the nanocrystal is controlled via 
altering reaction temperatures and/or terminating reactions early to achieve 
desired sizes, which limits yields and increases synthetic variability.42 More 
recently, both theory and experiment have demonstrated that tuning the size of 
nanocrystals can be accomplished by changing precursor conversion rates.36, 42-44  
These observations build on work performed by LaMer and Dinegar  in the 
1950s that proposes a three step model for nanocrystal nucleation.45-46 The first 
phase describes precursor conversion to soluble solute until a critical 
concentration Ccrit is reached that triggers nucleation. The second phase describes 
a rapid period of nucleation that can be thought to be instantaneous. Nucleation is 
followed by the third phase of growth whereby additional solute that is produced 




Figure 1.4.1. A) Reaction scheme depicting precursor conversion limited 
nanocrystal growth and B) LaMer model highlighting the three phases of a 
nanocrystal reaction.  
 
 In the 1990s, Sugimoto enhanced the LaMer model by considering the mass 
balance of the solute. This model predicts that the number of nuclei generated 
during nucleation depends only on the solute supply rate and the growth rate of 
the material, independent of nucleation kinetics.47-48 This relationship arises from 
the mass balance equation, which states that all solute produced during nucleation 
must be consumed by nucleation or growth: 
 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 	𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛0]^_>/`ab0 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛2cbd`? 
Equation 1.4.1.  
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which can be written as: 
𝑄(𝑉g = 𝑣( 𝑑𝑛𝑑𝑡 + ?̇?𝑛 
Equation 1.4.2.  
where Q0 is the supply rate of solute during nucleation, Vm is the molar volume of 
the solid, v0 is the initial particle volume of the stable nuclei, 101`  is the rate of stable 
nuclei production, ?̇? is the average growth rate of stable nuclei during nucleation, 
and n is the number of stable particles. We can rewrite Equation 1.4.2 as 
 
𝑛 = 	𝑉g?̇? 𝑄( 
Equation 1.4.3.  
accounting for the ratio 101`  decreasing to zero at the end of nucleation and solving 
for n. Thus, we can see the theoretical basis for the relationship between the 
number of nanocrystals nucleated in a reaction directly relates to Q0 which is 
affected by the rate of precursor conversion. The validity of this model was 
experimentally supported via studies on the precipitation of AgCl and AgBr 
crystals.47-48 
 In 2017, Peters further enhanced Sugimoto’s model by correcting the 
equations to account for systems with slow growth kinetics.49 This model helps to 
explain some deviations from linearity observed for particle numbers vs. solute 
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production rates for PbS, PbSe, and CdSe made from thioureas, selenoureas, and 
phosphine selenides.42, 44, 50 However, at the limit of fast growth kinetics, the model 
can be simplified to Sugimoto’s equation.49 
 Because of the demonstrated relationship between precursor conversion 
rate, the number of nanocrystals nucleated, and final nanocrystal size at full 
reaction yield, recent efforts have gone into developing new chalcogen precursor 
libraries. Control over precursor conversion rates led to the development of 
nanocrystal reactions that utilize chemical kinetics to produce desired nanocrystal 
sizes at full yields, in contrast with previous methods that require stopping 
reactions early.51 One such promising class of compounds with tunable reaction 
rates are thio- and selenoureas which have been mainly used for the synthesis of 
PbS and PbSe nanocrystals, although their utility towards other metal sulfides and 
selenides has been demonstrated.42, 44 Expanding the library of chalcogenourea 
precursors to ones optimized for the synthesis of CdS and CdSe nanocrystals 
motivated this thesis. 
1.4.3. Nanocrystals as Living Polymers 
Nanocrystal nucleation theories have thus far described materials 
consisting of a single binary semiconductor. This is because core/shell nanocrystal 
syntheses rely on synthetic methods that are empirically designed to avoid 
nucleation of shell precursors and do not rely on the kinetics of shell material 
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solute supply rates.52 These methods are discussed in further detail in Chapter 3. 
With the design of new nanocrystal precursors that react to full yield with well-
defined conversion rates, we can begin to imagine new chemical methods to access 
core/shell nanocrystals that draw inspiration from thinking about nanocrystals as 
living polymers.53 Much like living polymerization has transformed polymer 
chemistry,54-55 we believe that development of these new precursor libraries 
unlocks the potential to access nanocrystals with a finer level of radial composition 
control than ever before. 
1.5. Conclusion 
Precise control over the core/shell structures of colloidal semiconductor 
nanocrystals enable their use in a myriad of applications that seek to make major 
impacts on the energy efficiency landscape of solid state lighting and increase the 
performance of emissive displays. Since their discovery in the 1980s, both the 
chemistry to make these nanocrystals and the way we think about their synthesis 
have evolved greatly; from empirically designed reactions to the inorganic 
chemist’s emerging model of precursor conversion limited nanocrystal synthesis 
and coordination chemistry of nanocrystal surfaces. 
It is upon this foundation that we seek to transform the multi-step synthesis 
of graded alloy core/shell nanocrystals into an elegant single injection process that 
relies on the reaction chemistry of precursor molecules. Using this as a guiding 
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principle, the following two chapters explore the development of new classes of 
chalcogen precursors that react with highly tunable rates, allowing access to fine 
changes in precursor conversion reactivity. The third and fourth chapters 
culminate with the application of this precursor library towards the achievement 
of our goal, gaining new insight into core/shell nanocrystal heterostructures 
accessible via kinetic control of precursor conversion. 
1.6. Plain English Summary 
 Semiconductor nanocrystals are useful in a variety of commercial 
applications due to their light emission, the color of which varies based on particle 
size. These nanoparticles are very tiny objects consisting of thousands of atoms 
and their small size lead to complex physics that enable the size dependence of the 
colors they emit. The efforts of synthetic inorganic chemists have led to the 
development of new syntheses of nanocrystals that rely on the chemical reaction 
rates of libraries of precursors. This has the potential to reinvent the way that the 
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CHAPTER 2. Kinetic Control Over CdS Nanocrystal Nucleation Using a 
Library of Thiocarbonates, Thiocarbamates, Thioureas, and Related Precursors 
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2.1. Abstract 
2.1.1. Technical Abstract 
 We report a family of substituted thiocarbonates, thiocarbamates, thioureas 
and phosphanecarbothioamides and their reaction with cadmium oleate at 180–
240 °C to form zincblende CdS nanocrystals (D = 2.2–5.9 nm). To monitor the 
kinetics of CdS formation with UV–vis spectroscopy, the size dependence of the 
extinction coefficient for λmax(1Se–1S1/2h) is determined. The precursor conversion 
reactivity spans 5 orders of magnitude depending on the precursor structure (2°-
thioureas > 3°-thioureas ≥ 2°-thiocarbamates ≥ 3°-phosphanecarbothioamides > 2°-
thiocarbonates > 4°-thioureas ≥ 3°-thiocarbamates). The concentration of 
nanocrystals formed during nucleation increases when more reactive precursors 
are used, allowing the final size to be controlled by the precursor structure. 1H 
NMR spectroscopy is used to monitor the reaction of di-p-tolyl thiocarbonate and 
cadmium oleate where di-p-tolyl carbonate and oleic anhydride coproducts can be 
identified. These coproducts further decompose into p-tolyl oleate and p-cresol. 
The spectral features of CdS nanocrystals produced from thiocarbonates are 
exceptionally narrow (95–161 meV FWHM) as compared to those made from 
thioureas (137–174 meV FWHM) under otherwise identical conditions, indicating 
that certain precursors nucleate narrower size distributions than others. 
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2.1.2. Plain English Abstract 
 Cadmium chalcogenide nanocrystals are highly desirable materials because 
they possess the ability to emit colors that span the entire rainbow of the visible 
spectrum. In this section, we build and leverage a library of sulfur containing 
compounds as precursors for CdS nanocrystal synthesis. Each sulfur precursor’s 
specific substitution pattern influences the rate of nanocrystal formation, which in 
turn influences the number and size of the nanocrystals produced. We have 
utilized our chemical control of nanocrystal formation rates towards 1) developing 
size tunable CdS nanocrystal syntheses and 2) studying additional effects of 
precursor molecule structure, such as nanocrystal monodispersity. 
2.2. Context 
Cadmium sulfide (CdS) semiconductor nanocrystals are studied as a single 
component material for use in solar cells,1 photocatalysis,2 and as stress sensors.3 
Due to quantum confinement effects, the physical and spectroscopic properties of 
these nanocrystals are strongly dependent on their size and size distributions. For 
example, a distribution of band gaps stemming from a large size distribution 
creates energetic disorder that disrupts charge transport through nanocrystalline 
films.4 Additionally, a narrow emission linewidth is essential for luminescence 
applications.5 
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 Mechanistic studies have shown that the nucleation and growth of metal 
chalcogenide nanocrystals are often limited by the kinetics of precursor 
conversion.6 The conversion reaction thereby controls the flow of metal 
chalcogenide monomers into the medium where they supersaturate, nucleate, and 
grow into nanocrystals.7 In this mechanistic scenario, the kinetics of precursor 
conversion allows precise and predictable control over the nanocrystal size while 
optimizing the size dispersity, yield, and reaction temperature. This has inspired 
many precursor molecule classes such as substituted thio/selenoureas, 
silyl/germanyl phosphines and arsines, phosphine chalcogenides, and 
dichalchogenides that provide control over II−VI,6, 8-11 IV−VI,8-9, 12 and III−V13-15 
nanocrystal syntheses.  
CdS nanocrystals have classically been synthesized from bis- 
(trimethylsilyl)sulfide,16 phosphine sulfides,17 or sulfur dissolved in octadecene.18-
19 These precursors provide limited tunability and/or produce unwanted side 
products. In our attempts to synthesize CdS nanocrystals from thioureas, we 
found that N,N′-disubstituted and most N,N,N′-trisubstituted thioureas were too 
reactive toward cadmium oleate to provide tunable control over the nanocrystal 
size in the range of temperatures needed for optimal crystal growth. On the other 
hand, the reactivity of most N,N,N′,N′-tetrasubstituted thioureas is comparatively 
sluggish at temperatures where cadmium carboxylate is stable. Therefore, we 
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sought precursors with reactivities between those of N,N,N′-trisubstituted and 
N,N,N′,N′-tetrasubstituted thioureas that could also be tuned by adjusting the 
substituents.  
In the literature, other precursors such as thioacetamide have been used to 
prepare PbS nanosheets20 or nanoparticles,21 and metal dithiocarbamates have 
been used to prepare CuInS nanoparticles.22 Because of this, substituting 
heteroatoms for the nitrogen atoms present in thioureas seemed promising. 
Substituted thioacetamides and thioketones could potentially be good sulfur 
precursors, however they suffer from a lack of easy synthetic tunability afforded 
by thioureas. Because of the wide availability of phenols, amines, isothiocyanates, 
phosphines, and chlorothionoformates, we investigated the synthesis of CdS 
nanocrystals from substituted thiocarbonates, thiocarbamates, and 
phosphanecarbothioamides. Among these, and suitably reactive thioureas, the 
thiocarbonate class produces significantly narrower size distributions. 
2.3. Sulfur Precursors 
2.3.1. Synthesis of a Library 
A variety of O,O′-disubstituted thiocarbonates are obtained in good yields 
from O-aryl-chlorothionoformates or 1,1-thiocarbonyldiimidazole (Table 2.3.1).23 
While the reaction of phenols and chlorothionoformate proceeds to completion 
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after 10 min at 80 °C, the analogous reaction with 1,1-thiocarbonyldiimidazole 
requires 16 h in refluxing acetonitrile and trifluoroacetic acid (10 mol %) to 
complete the second substitution. Similarly, secondary amines react with 1,1-
thiocarbonyldiimidazole to provide N,N,N′,N′-tetrasubstituted thioureas. Again, 
the first imidazole substitution proceeds rapidly while the second required stirring 
overnight, although the reaction could be conducted at room temperature because 
of the greater nucleophilicity of amines. Following recrystallization from 
methanol, acetonitrile, or dichloromethane, analytically pure, white, 
microcrystalline products are obtained in 44−76% isolated yields.  
Analogous to the reaction of amines with isothiocyanates to form di- and 
trisubstituted thioureas, phosphanecarbothioamides could be prepared via the 
reaction of phosphines and isothiocyanates upon mild heating.24 These 









Table 2.3.1. Synthesis of substituted thiocarbonate, thiocarbamate, 
phosphanecarbothioamide, and N,N,N’,N’-tetrasubstituted thiourea 
precursors used in this study. Experimental conditions and characterization 
noted in Experimental Details. a Commercially available. b Synthesized as 
published previously.8 c Synthesized as published previously.24 
 
Compound X1 X2 Yield (%) 
1a O-4-MeO-Ph O-4-MeO-Ph 48 
1b O-4-Me-Ph O-4-MeO-Ph 67 
1c O-4-Me-Ph O-4-Me-Ph 76 
1d O-4-Me-Ph O-Ph 66 
1e O-Ph O-Ph 67 
1f O-4-Me-Ph O-4-Cl-Ph 68 
1g O-4-Me-Ph O-4-CF3-Ph 61 
1h O-4-Me-Ph O-Cy 62 
1i O-Ph O-4-Cl-Ph 60 
1j O-4-Me-Ph O-2,6-diMe-Ph 44 
2 O-4-Me-Ph N-H(4-Me-Ph) 71 
3 O-4-Me-Ph N-(CH3)Ph 74 
4 N-H(4-Me-Ph) N-H(4-Me-Ph) a 
5a N-HPh N-(n-Bu)2 b 
5b N-HPh N-(CH3)Ph 92 
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6a N-(CH3)2 N-(CH3)2 a 
6b N-(pyrr) N-(pyrr) 49 
7 N-HPh P-Ph2 c 
 
2.4. Synthesis of CdS Nanocrystals 
2.4.1. Synthesis and Basic Characterizations 
CdS nanocrystals were synthesized by injecting a solution of the precursors 
shown in Table 2.4.1 (1a−7) into 1.2−1.5 equiv of cadmium oleate dissolved in 
octadecene at 180−240 °C (Figure 2.4.1). Reaction temperatures as low as 180 °C 
could be used without significantly broadening the nanocrystals optical features. 
Oleic acid (2.4 equiv) is added to improve the thermal stability of the cadmium 
oleate precursor, which occasionally decomposed to a turbid mixture when stirred 
in octadecene at 240 °C on its own. Higher temperatures lead to greater problems 
with the decomposition of cadmium oleate. Zincblende nanocrystals with a wide 
range of final diameters (D = 2.2−5.9 nm) are obtained depending on the sulfur 
precursor used (Figure 2.4.1).  
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Figure 2.4.1. A) Final absorption and photoluminescence spectra of CdS 
nanocrystals obtained using the precursor shown. B) Standard reaction conditions 
for the synthesis of CdS nanocrystals from a sulfur precursor listed in Table 2.3.1. 
C-D) TEM images of nanocrystals prepared from 1d and 6a. E) powder X-ray 
diffraction (PXRD) of zincblende nanocrystal product. F) Representative 1H NMR 
of isolated nanocrystal sample. G) Ligand coverages for several thiocarbonate and 





Table 2.4.1. Table of all sulfur precursors, kobs values, nanocrystal yields as 
determined via UV-vis and a determined by weighing the isolated product 
and subtracting the known mass of ligands as determined by 1H NMR, 
diameter, particle #, 1st excitonic feature, reaction time, and FWHM of 
product. See Nanocrystal Formation Kinetics and Cadmium Sulfide 
Reaction Yield Determination sections in the experimental for details. *At 
240 °C, this compound reacts with mixing limited kinetics, so a comparison 
was conducted at 180 °C and a relative value is reported in this table. 
 
Cpd kobs 












1a 2.2 x 10-3 67 3.13 15.3 392 30 137 
1b 2.1 x 10-3 75 (83)a 3.26 15.7  396 45 139 
1c 8.6 x 10-4 89 (70)a 3.32 14.4 398 60 132 
1d 8.0 x 10-4 70 3.86 9.78 414 120 127 
1e 4.5 x 10-4 62 4.04 7.17 419 120 123 
1f 2.9 x 10-4 73 4.93 4.63 442 240 112 
1g 2.3 x 10-4 57 (58) a 5.02 3.22 444 300 95 
1h 2.1 x 10-4 66 5.45 2.77 454 305 114 
1i 8.2 x 10-5 56 5.58 2.17 457 720 108 
1j 4.8 x 10-5 53 5.85 1.51 463 720 96 
2 1.5 x 10-2 103 2.73 39.8 378 3 161 
3 8.1 x 10-5 62 5.67 2.37 459 1271 100 
4* 2.9 x 10-1 - - - - - - 
5a 5.3 x 10-2 93 2.18 64.1 355 1.5 175 
5b 1.4 x 10-2 110 2.65 40.2 375 4 169 
6a 4.2 x 10-4 98 (99) a 4.98 5.54 443 180 138 
6b 2.9 x 10-4 103 5.63 3.98 458 245 106 
7* 3.6 x 10-2 - - - - - - 
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Oleic acid can also be used to adjust the nanocrystal size (Figure 2.4.2), 
which has previously been linked to changes in monomer solubility in studies of 
CdSe nanocrystals.6, 25  
 
Figure 2.4.2. Final spectra of reactions of 6a at standard reaction conditions 
with different equivalences of oleic acid added show size tunability. 
 
A Cd:S stoichiometry greater than 1:1 provides cadmium oleate ligands that 
passivate the nanocrystal surface and maintain the colloidal stability.26-30 Reactions 
that produce smaller final sizes required a greater amount of cadmium oleate (1.5 
equivalents) to prevent loss of the narrow optical features toward the end of the 
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reaction (Figure 2.4.3). Similar broadening is observed in the synthesis of small 
diameter PbS nanocrystals if lead oleate is not present in sufficient excess.8 
Depletion of metal oleate by the conversion reaction is thought to reduce the 
ligand coverage and destabilize the colloidal dispersion, particularly at long 
reaction times. The greater surface area to volume ratio and metal enrichment of 
small nanocrystals could magnify the effect.31-36 Following the synthesis, the 
nanocrystals are carefully purified by precipitation and centrifugation until the 1H 
NMR spectrum only displays the broad resonances of surface bound cadmium 
oleate ligands. The oleate coverages obtained this way range from 1.8−4.0 nm-2, 




Figure 2.4.3. Comparing 1.2 and 1.5 equivalents of Cd(oleate)2 precursor 
relative to sulfur precursor shows that more equivalents slow a ripening 
process that degrades the quality of the final nanocrystal product at small 
sizes. 
 
2.4.2. Mechanistic Studies 
To gain insight into the precursor conversion mechanism, 1H NMR 
spectroscopy was used to monitor the reaction coproducts (Figure 2.4.4). For 
example, N,N,N′,N′-tetramethylthiourea (6a) (δ(CH3) = 3.1 ppm) reacts with 
cadmium oleate to produce N,N,N′,N′-tetramethylurea (δ(CH3) = 2.8 ppm) and 
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oleic anhydride (δ(α-CH2) = 2.47 ppm) (Figure 2.4.5). Analogous O,O′-
disubstituted carbonate and oleic anhydride coproducts form from thiocarbonates 




Figure 2.4.4. Reaction kinetics as measured by 1H NMR spectroscopy (red), 
initial amount of precursor – precursor consumed (black), and UV-vis 




Figure 2.4.5. 1H NMR spectra of the reaction of 6a with cadmium oleate 
shows appearance of tetramethyl urea and oleic anhydride. 
 
In the case of 1c, p-tolyl oleate and p-cresol build in concentration as the 
initially formed di-p-tolyl carbonate (8c) and oleic anhydride disappear (Figure 
2.4.6, Figure 2.4.7, and Figure 2.4.8). We infer from this observation that the 
carbonate coproduct reacts with oleic acid and/or moisture to form p-tolyl oleate 
and/or p-cresol (Figure 2.4.6). This reaction was also observed in a control 
experiment in the absence of nanocrystals; however, the rate is too slow to explain 
the results, suggesting that cadmium oleate activates the di-p-tolyl carbonate 
toward attack (Figure 2.7.1 and Figure 2.7.2). Indeed, the Lewis acid catalyzed 
esterification of carboxylic acids following reaction with O,O′-disubstituted 
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carbonates has been established.37 A similar reaction between thiocarbonates and 
oleic acid or oleic anhydride is also observed.  
 
 
Figure 2.4.6. A) Coproducts of the precursor conversion reaction are 8c and 
oleic anhydride. B) These coproducts undergo further conversion to p-tolyl 
oleate and carbon dioxide via p-cresol. The formation of p-cresol suggests 
the process is catalyzed by oleic acid. C) Reaction coproducts of 1c with 
cadmium oleate are observed via 1H NMR and evolve over time to yield p-
tolyl oleate and p-cresol. 1H NMR data were plotted with 10% error bars 




Figure 2.4.7. 1H NMR for coproduct identification and tracking over the 




Figure 2.4.8. 1H NMR for the reaction of 1c with cadmium oleate shows 
appearance of oleic anhydride at early times which is consumed to produce 
tolyl oleate. 
 
As the reaction proceeds and 8c disappears, p-tolyl oleate continues to build 
in concentration and p-cresol persists in the product mixture. This suggests that 
hydrolysis of oleic anhydride and/or p-tolyl oleate by adventitious water also 
plays a role in the coproduct evolution. Cadmium carboxylates typically bind two 
water molecules, which is expected under our conditions because the cadmium 
oleate precursor was not prepared under rigorously anhydrous conditions (see 
Experimental Details).7 We have not prepared anhydrous cadmium oleate to test 
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whether this changes the coproduct evolution. Oleic anhydride, on the other hand, 
is only present in low concentration and at early times, presumably because its 
reaction with p-cresol and moisture is rapid. This was confirmed by a control 
experiment, which is rapid even in the absence of Lewis acid catalysis (Figure 
2.7.3). These findings are consistent with the mechanistic hypothesis in Figure 
2.4.6. An analogous mechanism may explain the reaction of the N,N,N′,N′-
tetramethylthiourea.  
2.5. Monitoring CdS Formation Kinetics 
2.5.1. CdS Size Dependent Extinction Coefficient Correction 
CdS formation was monitored using the intensity of the 1Se− 1S1/2h transition 
in the UV−vis absorption spectrum and a published size-dependent extinction 
coefficient.38 However, error in this extinction coefficient, particularly at small 
sizes, leads to erroneous yields (as much as twice the theoretical yield) (Figure 
2.5.1). Similar issues with the size-dependent extinction coefficient of CdSe 
nanocrystals published in that same report have been described.39  
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Figure 2.5.1. A) % Yields of reaction aliquots using previously reported 
extinction coefficient,38 B) % Yields of reaction aliquots using the size 
dependent extinction coefficients determined in this work. C) Properties of 
particles used in calibration curve. 
 
To estimate the extinction coefficient of the 1Se−1S1/2h transition, CdS 
nanocrystals were synthesized from a variety of tri- and tetrasubstituted thioureas 
(5a−6b). We verified a near quantitative yield of CdS from 6a by the complete 
disappearance of the thiourea and by measuring the empirical formula and mass 
of the CdS nanocrystals (see Experimental Details, Figure 2.4.1 and Figure 2.4.4). 
By assuming a 100% conversion of the thiourea to CdS, the extinction coefficient 
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of the lowest energy excitonic transition could be estimated at the end of the 
reaction (Figure 2.5.2).  
 
 
Figure 2.5.2. Yield data using corrected size dependent extinction 
coefficients, absorbance at 300 nm, and UV-vis spectra of reaction aliquots 
for thioureas 5a-6b. 
 
Selection of the endpoint for each of these reactions for incorporation into 
the extinction coefficient correction is nontrivial (Figure 2.5.2). In most cases, the 
precursor is considered done reacting when the % yield starts to plateau. 
However, for precursor 5b, a decrease in % yield is observed as particles ripen 
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after the reaction has reached completion. Additionally, % yields are compared 
with the absorbance at 300 nm, which while not a perfect size-independent 
wavelength to measure conversion of CdS, serves as a rough measure of 
conversion. Precursor 6b, shows a plateau and then increase in % yield at extended 
reaction times. The endpoint was selected during the plateau region since at very 
large sizes when the 1st excitonic feature is hard to identify, there is more error 
incorporated into the % yield calculation. It is also worth noting that some 
reactions result in the formation of magic size clusters (peak around 321 nm), 
however a correlation between their appearance and precursor structure could not 
be determined. 
With the absorbance data at each reaction endpoint and a calculated 
theoretical concentration of CdS nanocrystals at 100% conversion, extinction 
coefficients could be calculated. These are plotted and compared to the previously 
reported size-dependent extinction coefficients38 as a function of nanocrystal 
diameter (D) in Figure 2.5.3. Significant differences between the curves are visible 
at small nanocrystal sizes, which explains the erroneous yields obtained when 
using the previously reported extinction coefficient. A second-order polynomial 
fit to our data is shown in Equation 2.5.1. It is worth noting that this approach does 
not account for differences in the size distribution of samples. Further studies on 
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the intrinsic line width of single CdS nanocrystals are required before differences 
in the size distribution can be used to modify the extinction coefficient. 
  
Figure 2.5.3. A) Experimentally determined extinction coefficients made 
using CdS nanocrystals produced from thioureas 5a-6b. 
 
ε (D) [M(CdS)-1 cm-1] = 156330 + 11522(D) + 30131(D)2 
Equation 2.5.1.  
 
Using our revised size dependent extinction coefficient (Equation 2.5.1), the 
yield of CdS from 1a−6b was monitored from timed reaction aliquots (Figure 2.5.2 
and Figure 2.5.4). A single exponential fit was used to extract an observed rate 
constant (kobs) for each precursor to understand the effect of the substitution pattern 
on the reactivity. However, unlike the kinetics of forming PbS and PbSe 
nanocrystals from thio- and selenoureas,8-9 in most cases, the kinetics observed 
here are multiexponential and the kobs represents an average of more complex 
 52 
behavior. For example, Figure 2.5.4 contains a representative data set where some 
data can be fit well to a first order fit (1a and 1e) but other data may be fit better 
by a second order fit (1b, 1c, and 1d). The reaction endpoints were determined by 
comparing where the % Yield data plateaus and the absorbance at 300 nm stops 
increasing. Despite the simplification of our kinetics analysis that masks 
underlying complexities, the use of a metric such as kobs allows the precursor 
reactivities to be ordered in a semiquantitative fashion.  
 
Figure 2.5.4. Yield data using corrected size dependent extinction 
coefficients, absorbance at 300 nm, and UV-vis spectra of reaction aliquots 
for thioureas 1a-1e. 
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2.5.2. Characteristics and Relative Reactivities 
The kobs extracted from the UV−vis kinetics for each precursor is plotted in 
Figure 2.5.5, illustrating the wide range of conversion reactivity. Among 
disubstituted precursors, the conversion reactivity decreases from thiourea > 
thiocarbamate > thiocarbonate (Figure 2.5.5 and Figure 2.5.6). While cadmium 
oleate and N,N′-disubstituted thioureas react completely in a minute or less, 
thiocarbonate precursors convert slowly over the course of minutes to hours. 
Increasing the number of substituents slows the reactivity of both the 
thiocarbamate and the thiourea classes. For example, N,N′-disubstituted thioureas 
are more reactive than N,N,N′-trisubstituted thioureas by an order of magnitude, 
which are more reactive than N,N,N′,N′-tetrasubstituted thioureas by an 
additional 2 orders of magnitude. Thus, much like in previous studies on the 
reaction with lead oleate, modifying the number of N−H bonds has a large effect 
on the reactivity. 
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Figure 2.5.5. A) Ranges of precursor reactivity with cadmium oleate under 
standard reaction conditions (Figure 2.4.1B). B) Particle number versus 




Figure 2.5.6. A) Precursor conversion kinetics of 1c, 2, and 4 as determined 
via UV-vis. B) UV-vis and fluorescence spectra of final nanocrystal 
products. 
 
In addition to swapping nitrogen atoms in the thiourea derivatives for 
oxygen atoms to generate thiocarbonates and thiocarbamates (Figure 2.5.6), we 
also swapped nitrogen atoms with phosphorus atoms to generate substituted 
phosphanecarbothioamides. We observe that trisubstituted 
phosphanecarbothioamides have comparable reactivity to the trisubstituted 
thioureas and disubstituted thiocarbamates.  Because the reaction of 7 with 
cadmium oleate is fast, this reaction was performed at 180 °C to slow down the 
precursor conversion kinetics and facilitate extraction of a relative kobs value 




Figure 2.5.7. Absorbance and fluorescence spectra from the reaction of 
cadmium oleate with A) N,1,1-triphenylphosphanecarbothioamide (7) and 
B) phenyl isothiocyanate at 180 °C. 
 
To further characterize the reactivity of this precursor class, the reaction 
between cadmium oleate and 7 at 120 °C was monitored with 31P{1H} NMR. We 
observe rapid disappearance of 7, accompanied by the appearance of a magic size 
cluster intermediate in the absorbance spectra (Figure 2.5.8A). The low 
temperature may be responsible for favoring the formation of the magic size 
cluster intermediate; further experiments must be done to compare the reactivity 




Figure 2.5.8. A) Absorbance spectra for the reaction of cadmium oleate with 
7 at 120°C. The reaction was stopped before reaching completion. B) 31P{1H} 
NMR of reaction aliquots in C6D6 shows the disappearance of 7, appearance 
of a transient species at 0.89 ppm, and eventual appearance of a species at -
39.81 ppm. 
 
We note the rapid disappearance of starting precursor and appearance of 
two unidentified species at 0.89 ppm and -39.81 ppm even though the nanocrystal 
reaction has not progressed to full yield. The chemical shift of this peak is close to 
that of diphenylphosphine which appears at -40.7 ppm in toluene-d8.40 31P{1H} 
NMR of the reaction aliquots are obtained in the presence of cadmium oleate, 
tetraglyme, and other reaction coproducts which render the identity of this species 
inconclusive. Nevertheless, in the event that the phosphanecarbothioamide 
immediately decomposes to isothiocyanate and diphenylphosphine under our 
reaction conditions, the reactivity of phenyl isothiocyanate with cadmium oleate 
at 180 °C was probed. Under these reaction conditions, the isothiocyanate converts 
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more sluggishly than 7 although CdS nanocrystals are indeed formed (Figure 
2.5.7B). 
Among thiocarbonate precursors, those with electron-donating 
substituents display faster conversion kinetics. However, ortho-substituted aryl 
groups inhibit the conversion step, making the 2,6-xylyl derivative (1j) much more 
sluggish than the related p-tolyl derivative (1c). Both observations are consistent 
with a conversion reaction mechanism where preequilibrium binding of the 
thiocarbonate to cadmium oleate precedes the cleavage of the S=C bond by attack 
at the thione carbon. Such a mechanism can lead to a complex temporal evolution, 
which is ignored by the single exponential fits used to extract kobs. An analogous 
mechanism leads to the cleavage of phosphine chalcogenides coordinated to 








Figure 2.5.9. A) Lewis acid activation of phosphine chalogenides precedes 
the P=E cleavage step.41 B) Proposed Lewis acid activation of 
chalcogenoureas preceding C=E cleavage. 
 
Previous studies of CdSe, PbS, and PbSe have shown a correlation between 
the precursor conversion reactivity and the number of nanocrystals; faster 
reactions produce a higher concentration of smaller nanocrystals.6, 8-9, 43-45 A similar 
trend is observed here, where less reactive precursors produce larger CdS 
nanocrystals (Figure 2.5.5). However, the thiocarbonate precursors used in this 
study produce (53−89%) ± 7% yields of CdS, which also influences the final size. 
Two mechanisms can explain the low yields: (1) a side reaction of thiocarbonates 
with oleic acid that liberates OCS in analogy to the mechanism that liberates CO2 
in Figure 2.4.6 (and Figure 2.5.10), and (2) Miyazaki−Newman−Kwart and 
Schönberg rearrangements for thiocarbamates and thiocarbonates respectively, 
which appear to compete with the conversion reaction under our reaction 




Figure 2.5.10. A) Liberation of OCS during a nanocrystal reaction. B) 
Isomerization of thiocarbonates and thiocarbamates via a polar transition 
structure.46 C) 1H NMR of thiocarbonate 1c and oleic acid heated to 240°C 
shows isomerization in the absence of cadmium to O,S-di-p-tolyl 
thiolcarbonate. 
 
The Miyazaki−Newman−Kwart and Schönberg rearrangements are 
accelerated by electron-withdrawing substituents and are known to be faster for 
thiocarbamates than thiocarbonates. Moreover, an independently synthesized 
O,S′-disubstituted thiolcarbonate proved unreactive toward cadmium oleate after 
6 h at 240 °C (Figure 2.5.11), confirming that the formation of the rearrangement 
products can limit the yield of CdS. This helps explain the low yields obtained 
from electron-deficient thiocarbonates 1h−1j (as low as 53%) and a slow reacting 
thiocarbamate (3) (yield = 62%) (other thiocarbamates proved even more 
problematic and are not described here). However, we were unable to detect the 
isomerization product in the final mixture. On the other hand, OCS was detected 
during a nanocrystal synthesis from 1e, by analyzing the volatiles using FT-IR and 
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mass spectrometry (Figure 2.7.4). We conclude that both mechanisms can explain 
the partial yield of CdS. Regardless, in cases where the yield is lower than 100%, 
we showed that additional precursor can be added to drive the reaction forward 
without compromising the size distribution or nucleating a second population 
(Figure 2.5.12). The change in particle volume observed is consistent with a 
constant number of nanocrystals.  
 
Figure 2.5.11. The reaction of cadmium oleate with O,S-di-p-tolyl 








Figure 2.5.12. A) Reaction scheme for the addition of tetramethylthiourea 
to increase nanocrystal yield. B) Yield vs. time for thiocarbonate 1b and the 
combined reaction of 1b + thiourea 6a for comparison. C) Absorbance and 
emission spectra for the nanocrystals formed via the reaction of 1b (red) 
and the mixture of 1b + 6a (blue). D) The FWHM of particles nucleated by 
thiocarbonates shelled by a slow thiourea (black triangles) maintains a 
narrow size dispersity typical of thiocarbonate reactions. 
 
Interestingly, nanocrystals prepared from thiocarbonates (1a−1g) display 
optical features that are narrower than those prepared from thiourea or 
thiocarbamate precursors (Figure 2.5.13). The spectra of similarly sized 
nanocrystals prepared from a thiocarbonate and a thiourea are compared in Figure 
2.5.13, clearly showing the narrower features of the thiocarbonate sample. By 
plotting the FWHM of the nanocrystal photoluminescence versus the peak energy, 
a decreasing line width with increasing size is also visible. The trend is consistent 
with recent studies of PbS, PbSe, and CdSe nanocrystals where size-dependent 
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broadening from exciton phonon coupling and exciton fine structure account for 
the majority of the ensemble line width.9, 50-55 Thus, the narrowing of 30−50 meV 
afforded by thiocarbonate precursors suggests a significant difference in the size 
distribution. Nonetheless, nanocrystals produced from thiocarbonates and 
thioureas, like those shown in Figure 2.5.13, possess very narrow size distributions 
that are not easily distinguished using transmission electron microscopy (Figure 
2.5.14).  
 
Figure 2.5.13. A) Comparison of UV-vis and fluorescence spectra of CdS 
nanocrystals synthesized from thiocarbonate 1f versus thiourea 6a. B) The 
FWHM versus energy of photoluminescence from aliquots of CdS 




Figure 2.5.14. A) HAADF-STEM (high angle annular dark field scanning 
transition electron microscope) images of nanocrystal samples used for 
sizing and FWHM analysis. B) Size comparison of 619 and 1081 CdS 
nanocrystals synthesized from 1f and 6a, respectively. 
 
The narrowness of the distributions obtained from thiocarbonates is 
apparent at early time points and persists during growth, indicating that it is a 
consequence of differences in the nucleation process. One possible explanation is  
that thiocarbonate reaction coproducts are responsible, however upon reacting 
tetramethyl thiourea (6a) with cadmium oleate in the presence of O,O’-di-p-tolyl 
carbonate we observed no change in the FWHM of the final nanocrystal product 
(Figure 2.5.15). This suggests an interaction of the sulfur precursors with the 
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growing nuclei or solute up to the end of the nucleation phase. While conversion 
byproducts could also influence the nucleation, they are minor components of the 
mixture at this stage. On the other hand, we found that adding the proposed 
rearrangement coproducts to a synthesis can negatively influence the size 
distribution. For example, adding O,S-di-p-tolyl thiocarbonate to a synthesis 
conducted with 6a resulted in substantially more polydisperse nanocrystals with 
weak photoluminescence (Figure 2.5.16). This helps explain why thiocarbonates 
1h−1j, which undergo significant side reactions, produce broader size 
distributions than do the other thiocarbonate precursors. However, in the case of 
1a−1g where rearrangement is less significant, their beneficial impact on the size 
distribution may arise from a weaker Lewis basicity as compared to the thioureas. 
This property can reduce their coordinating power and make them less likely to 




Figure 2.5.15. A) Spiking 7c into a reaction of 6a with cadmium oleate has 
no noticeable impact on B) absorbance and fluorescence spectra nor C) 







Figure 2.5.16. A) The reaction of 6a with cadmium oleate in the presence of 
O,S-di-p-tolyl thiolcarbonate B) results in a decrease in the quality of the 
nanocrystal sample. 
 
In principle, the precursor structure can tune the solute supply kinetics and 
the final nanocrystal size without simultaneously influencing factors such as the 
surface structure, surface tension, or monomer solubility. In this scenario, the 
precursor conversion reaction can be said to be “orthogonal” to the crystal 
nucleation and growth reactions.56 Given the weaker Lewis basicity of 1a−1g, we 
hypothesize that their beneficial effect on the size distribution results from an 
enhanced orthogonality to the nucleation phase.  
Other strategies to tune the nanocrystal size, such as adjusting the reaction 
temperature or the surfactants, influence both the precursor conversion kinetics 
and the nucleation and growth steps. However, orthogonal precursor reactivity 
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enables separate optimization of the solute supply kinetics and the factors that 
influence growth kinetics such as the surfactants and temperature. In this way, 
orthogonal reactivity is valuable for isolating reaction variables in mechanistic 
studies of nanocrystal formation. Thus, the careful design of synthesis reagents 
and a deeper understanding of precursor reactivity will provide greater levels of 
control over nanocrystal synthesis. 
2.6. Summary 
We introduced three new classes of sulfide precursors: thiocarbonates, 
thiocarbamates, and phosphanecarbothioamides whose conversion kinetics to 
CdS nanocrystals supplement gaps in the thiourea library that now spans 5 orders 
of magnitude. The thiocarbonates were found to produce nanocrystals with 
narrower optical features than other precursor compounds with similar 
conversion kinetics. This finding suggests that improved material properties can 
be obtained if precursor reactivity can be designed that is orthogonal to the 
nucleation and growth processes. 
2.7. Experimental Details 
2.7.1. General Methods 
 All manipulations were performed in air unless otherwise indicated. 
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2.7.2. Chemicals 
 Toluene (99.5%), methyl acetate (99%), benzene (99.8%), hexanes (98.5%), 
methanol (99.8%), ethanol (≥99.8%), dichloromethane (≥99.5%), chloroform 
(≥99.8%), acetone (≥99.8%), acetonitrile (99.5%), cadmium nitrate tetrahydrate 
(98%), sodium hydroxide (≥98%), sodium bicarbonate (≥99.7%), hydrochloric acid 
(37%), oleoyl chloride (≥89%), sodium chloride (≥99%), sodium sulfate (≥99%), 
tetramethylthiourea (98%), phenyl isothiocyanate (98%), p-tolyl isothiocyanate 
(97%), triethylamine (≥99.5%), dibutylamine (99.5%), p-toluidine (99.6%), O-
phenyl chlorothionoformate (99%), 4-methoxyphenol (99%), 4-
(trifluoromethyl)phenol (97%), phenol (≥96.0%), p-cresol (≥99%), cyclohexanol 
(99%), pyrrolidine (99%), diphenylphosphine (98%), and dimethyl terephthalate 
(≥99.0%) were obtained from Sigma Aldrich and used without further purification. 
4-Chlorophenol (99%) was obtained from Alfa Aesar and used without further 
purification. Pentafluorophenol (≥99%) was obtained from Oakwood Products 
and used without further purification. Oleic anhydride (>95%) was obtained from 
TCI Chemicals and used without further purification. Oleic acid (99%), O-(p-tolyl) 
chlorothionoformate (97% or ≥97%), and 1,1′- thiocarbonyldiimidazole (≥95.0% or 
90%) were obtained from either Sigma-Aldrich or Alfa Aesar and used without 
further purification. Diphenyl ether (99%), pyridine (98%), 1-octadecene (90%), 
hexadecane (99%), tetraethylene glycol dimethyl ether (“tetraglyme”, ≥99%), 
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aniline (99%), and N-methyl aniline (98%) were obtained from Sigma-Aldrich, 
stirred with calcium hydride overnight, and distilled prior to use. Chloroform-d 
(99.8%), benzene-d6 (99.5%), and methylene chloride-d2 (99.8%) were obtained 
from Cambridge Isotopes and used without further purification. Cadmium oleate 
was synthesized on a 60 mmol scale according to Yang et al.57 
2.7.3. Instrumentation 
UV−vis spectra were obtained using a PerkinElmer Lambda 950 
spectrophotometer equipped with deuterium and halogen lamps. 
Photoluminescence measurements were performed using a Fluoromax 4 from 
Horiba Scientific, and photoluminescence quantum yields were determined using 
a quanta-phi integrating sphere accessory according to a previously described 
procedure.26 Powder X-ray diffraction (XRD) was measured on a PANalytical 
X’Pert Powder X-ray diffractometer. Transmission electron microscopy (TEM) was 
performed on a FEI T12 BioTWIN. Scanning transmission electron microscopy 
(STEM) was performed on a FEI Talos F200X. FT-IR spectra were obtained using 
a KBr liquid cell with a Thermo Scientific Nicolet 6700 spectrometer equipped with 
a liquid N2 cooled MCT-A detector. 
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2.7.4. Thiocarbonate Synthesis 
2.7.4.1. Thiocarbonate 1a Synthesis 
 4-Methoxyphenol (8.94 g, 72 mmol), 1,1′-thiocarbonyldiimidazole (7.06 g, 
39.6 mmol), acetonitrile (144 mL), and a stir bar were added to a Teflon sealable 
Schlenk flask. Trifluoroacetic acid (0.41 g, 0.275 mL, 3.6 mmol) was added 
dropwise, and the flask was sealed, heated to 70 °C in an oil bath, and left stirring 
overnight. The reaction was cooled, and the volatiles were removed under 
vacuum. The residue was dissolved in dichloromethane, and washed with HCl (1 
M), NaOH (1 M), saturated brine, and dried over Na2SO4. The volatiles were 
removed under vacuum, and the resulting solid was recrystallized from 
acetonitrile to yield white needles. A second crop of crystals was grown from 
concentrating the filtrate and crystallizing at −20 °C. Yield 5.50 g (48%). 
2.7.4.2. Synthesis of Thiocarbonates 1b-1j 
 Thiocarbonates were synthesized using a slightly modified literature 
procedure23 that is described for 1b. It is important that pyridine is used instead of 
triethylamine or an undesirable side reaction results.58 
2.7.4.3. Example Synthesis: O-(4-Methoxyphenyl)-O′-(p-tolyl) Thiocarbonate (1b) 
A solution of 4-methoxyphenol (0.621 g, 5 mmol) in 10 mL of benzene was 
added to a solution of O-(p-tolyl) chlorothionoformate (0.933 g, 5 mmol) in 10 mL 
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of benzene. To this mixture, pyridine (0.56 mL, 7 mmol) was added dropwise. The 
solution turned from yellow to orange, and an orange oil separated. The mixture 
was heated to reflux for 10 min and the solution became a pale yellow color with 
a white crystalline precipitate. In a separatory funnel the benzene solution was 
washed with water, saturated brine, and then dried over Na2SO4. Removing the 
volatiles in vacuo yielded 1.11 g of a white powder. Recrystallization from 
methanol yielded 0.924 g (67%) of 1b as white crystals. 
2.7.5. Thiocarbamate Synthesis 
 Thiocarbamates are synthesized from a chlorothionoformate and aniline. 
1H NMR spectra show broadened lines from slow rotation about the C−N amide 
bond. Therefore, the NMR spectra were recorded at 273 K where two distinct sets 
of peaks are observed. 
2.7.5.1. Example Synthesis: O-(p-Tolyl)-N-p-tolyl Thiocarbamate (2) 
 p-Toluidine (0.214 g, 2 mmol) was dissolved in 10 mL of ethyl acetate and 
added dropwise to a solution of ethyl acetate (10 mL) and O-p-tolyl 
chlorothionoformate (1 mmol, 0.187 g) cooled to 0 °C in an ice bath. The mixture 
was stirred 10 min, warmed to room temperature, washed with water, saturated 
brine, and dried over Na2SO4. After the volatiles were removed, 1.27 g (98%) of a 
white powder was collected. The compound was subsequently recrystallized from 
 73 
acetonitrile to yield 0.921 g (71%) of 2 as a white powder. Because thiocarbamates 
begin to isomerize around 60 °C, it is important not to heat this compound during 
synthesis or recrystallization. 
2.7.5.2. Example Synthesis: O-Phenyl-N-methyl(phenyl) Thiocarbamate (3) 
 N-Methylaniline (1.86 g, 1.88 mL, 17.37 mmol) was added dropwise to a 
solution of O-phenyl chlorothionoformate (8.69 mmol, 1.5 g) in dichloromethane 
(10 mL). The mixture was stirred at room temperature for 10 min, washed 3× with 
water and dried over MgSO4. The volatiles were removed under vacuum, and the 
isolated powder was recrystallized from ethanol to yield 1.554 g (74%) of 3 as a 
white powder.  
2.7.6. Thiourea Synthesis 
2.7.6.1. Trisubstituted Thiourea Synthesis 
 N-Methyl-N,N′-diphenylthiourea (5b) was synthesized according to 
Hendricks et al.8 
2.7.6.2. Tetrasubstituted Thiourea Synthesis: Di(pyrollidin)-1-yl)methanethione (6b) 
 Pyrrolidine (5.42 g, 6.26 mL, 75 mmol) was added to a solution of 1,1’-
thiocarbonyldiimidazole (2.67 g, 15 mmol) in acetonitrile (75 mL). The solution 
was stirred at 70 °C for 16 h. The volatiles were removed under vacuum, and the 
resultant tan solid was re-dissolved in dichloromethane (50 mL) and washed with 
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30 mmol of HCl dissolved in 20 mL of water, saturated brine, and dried over 
Na2SO4. After the volatiles were removed, the crude product was recrystallized 
with hot acetonitrile to yield colorless crystals. Yield: 2.76 g (49%). 
2.7.7. Phosphanecarbothioamide Synthesis 
 N,1,1-triphenylphosphanecarbothioamide  (7) was synthesized according 
to Issleib et al.24  
2.7.8. Carbonate Synthesis 
2.7.8.1. Example Carbonate Synthesis: Di-p-tolyl Carbonate (8c) 
Di-p-tolyl carbonate was synthesized according to a modified literature 
procedure.59 Pyridine (0.87g, 0.88 mL, 11 mmol) was added dropwise to a solution 
of p-tolyl chloroformate (1.79 g, 10.5 mmol) and p-cresol (1.08 g, 10 mmol) in 
dichloromethane (20 mL). The mixture was then heated to reflux for 10 min. The 
cooled solution was washed with water, sodium hydroxide (1 M), saturated brine, 
and dried over Na2SO4. The volatiles were removed under vacuum, and the white 
powder was recrystallized from ethanol to yield 0.643 g (25%) of product. 
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2.7.9. Aryl Oleate Synthesis 
2.7.9.1. Example Aryl Oleate Synthesis: p-Tolyl Oleate 
Pyridine (0.475 g, 0.484 mL, 6 mmol) was added dropwise to a solution of 
oleoyl chloride (1.50 g, 5 mmol) and p-cresol (0.52 g, 4.8 mmol) in dichloromethane 
(20 mL). The mixture was heated to reflux for 10 min and subsequently washed 
with water, NaOH (1 M), saturated brine, and dried over Na2SO4 to yield 1.44 g 
(81%) of a brown oil. 
2.7.10. Thiolcarbonate Synthesis 
Thiolcarbonates were synthesized following a previously reported 
procedure.60 
2.7.10.1. Example Thiolcarbonate Synthesis: O,S-Di(p-tolyl) Thiolcarbonate 
A solution of p-tolyl chloroformate (3.41 g, 20 mmol) in chloroform (5 mL) 
was added dropwise to a solution of 4-methylbenzene thiol (2.48 g, 20 mmol) and 
potassium hydroxide (1.12 g) in chloroform (20 mL) and ethanol (15 mL). The 
solution was stirred for 2 h, filtered, and the volatiles were removed under 
vacuum, yielding a white powder (4.268 g) that was subsequently recrystallized 
from dichloromethane. Yield 2.6077 g (51%). 
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2.7.11. Synthesis of CdS Nanocrystals 
 In a nitrogen-filled glovebox, a three-neck round-bottom flask was loaded 
with cadmium oleate (0.18 mmol, 0.122 g), octadecene (14.25 mL, 11.2 g, 44.4 
mmol), and oleic acid (0.102 g, 0.114 mL, 0.36 mmol). A 4 mL vial was filled with 
the desired sulfur precursor (0.15 mmol) and diphenyl ether (0.75 mL, 0.75 g). A 
polar solvent such as diphenyl ether or tetraglyme was required to dissolve the 
sulfur precursor. The three-neck roundbottom flask was transferred to a Schlenk 
line and heated to 240 °C under Ar. The sulfur precursor solution was then injected 
into the cadmium oleate solution and left to react for the appropriate time (Table 
2.4.1Table 2.4.1. Table of all sulfur precursors, kobs values, nanocrystal yields as 
determined via UV-vis and a determined by weighing the isolated product and 
subtracting the known mass of ligands as determined by 1H NMR, diameter, 
particle #, 1st excitonic feature, reaction time, and FWHM of product. See 
Nanocrystal Formation Kinetics and Cadmium Sulfide Reaction Yield 
Determination sections in the experimental for details. *At 240 °C, this compound 
reacts with mixing limited kinetics, so a comparison was conducted at 180 °C and 
a relative value is reported in this table.). The resulting nanocrystals were isolated 
from the reaction mixture by precipitation with acetone and centrifugation. The 
yellow residue was redispersed in hexane (10 mL), and acetone (5−10 mL) was 
added in 0.5 mL portions to precipitate cadmium oleate, without precipitating the 
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nanocrystals. This solution was centrifuged. The supernatant was collected, and 
the nanocrystals precipitated with the addition of 25 mL of acetone. The 
nanocrystals were washed three additional times with toluene/methyl acetate. 
2.7.12. Nanocrystal Formation Kinetics 
 Quantitative aliquots of approximately 0.1 mL were taken from a CdS 
nanocrystal reaction and deposited into a previously weighed vial. A mass of 
toluene equal to 2.5x the weight of the aliquot was added to the vial to standardize 
aliquot concentration. UV−vis absorption spectra were taken of each aliquot, and 
the concentration of CdS in the aliquot was calculated from the size-dependent 
extinction coefficient at the first excitonic absorption maximum using literature38 
values and Equation 2.5.1. Using a second method, the absorbance at 300 nm was 
monitored as a proxy for CdS conversion. This second method was used to assess 
the validity of our proposed correction to the size-dependent extinction coefficient 
for CdS. The kinetics collected from each method was fit to first-order, the rate 
constant of which is reported in Table 2.4.1 and Figure 2.5.5. 
2.7.13. Cadmium Sulfide Reaction Yield Determination 
 A 2x reaction scaleup was performed in a three-neck round-bottom flask 
connected to a distillation head. At the end of the reaction, octadecene was distilled 
from the reaction solution, and the concentrated nanoparticle solution was 
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purified using the procedure described above. The mass of the dried nanocrystals 
was measured, and the sample was dispersed in CDCl3 containing dimethyl 
terephthalate in known concentration. By integrating the dimethyl terephthalate 
and alkene signal of cadmium oleate, the concentration of cadmium oleate ligands 
could be determined. From the oleate concentration and the mass of the 
nanocrystals used to make the NMR sample, the mass of cadmium sulfide could 
be calculated by assuming the empirical formula: (CdS)n((Cd(O2CR)2)m. 
2.7.14. Thiocarbonate Reaction Coproduct Identification 
 In a nitrogen-filled glovebox, a three-neck round-bottom flask is loaded 
with cadmium oleate (0.18 mmol, 0.122 g), octadecene (14.25 mL, 11.2 g, 44.4 
mmol), and oleic acid (0.102 g, 0.114 mL, 0.36 mmol,). A 4 mL vial was filled with 
the desired sulfur precursor 1c or 1e (0.15 mmol) and tetraglyme (0.75 mL, 0.75 g). 
The three-neck roundbottom flask was transferred to a Schlenk line and heated to 
240 °C under Ar. The sulfur precursor solution was then injected into the cadmium 
oleate solution and left to react for the appropriate time. 200 µL aliquots of the 
reaction solution were dissolved in 300 µL of CD2Cl2 and 100 µL of a 22.4 mM 
solution of dimethyl terephthalate dissolved in CD2Cl2. 1H NMR spectra were 
collected with a relaxation delay time of 30 s. Independently synthesized samples 
of coproducts were spiked into the NMR tubes to verify their identities 
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2.7.15. Coproduct Reaction Determination 
Octadecene (14.25 mL), tetraglyme (0.75 mL), and 8c (0.0363 g, 0.15 mmol) 
or p-cresol (0.0162 g, 0.15 mmol) and oleic acid (0.102 g, 0.36 mmol) or oleic 
anhydride (0.082 g, 0.15 mmol) were combined in a three-neck roundbottom flask. 
The solution was degassed on a Schlenk line for 10 min and heated to 240 °C. A 
starting aliquot was taken as soon as the precursors became soluble, and time was 
started as soon as the solution temperature hit 240 °C. 200 µL reaction aliquots 
were dispersed in CD2Cl2 for subsequent 1H NMR studies. 
 
Figure 2.7.1. 1H NMR spectra of the reaction between 8c and oleic acid. The 





Figure 2.7.2. 1H NMR to monitor the reaction of 8c and oleic anhydride. No 




Figure 2.7.3. 1H NMR spectroscopic monitoring of the reaction between p-
cresol and oleic anhydride. The formation of p-tolyl oleate is observed. 
 
2.7.16. Volatile Coproduct Collection 
Cadmium oleate (1.22 g, 1.8 mmol), oleic acid (1.02 g, 3.6 mmol), 1e (0.345 
g, 1.5 mmol), diphenyl ether (7.5 mL), and octadecene (142.5 mL) were combined 
in a 750 mL Straus flask and degassed. The flask was sealed and heated to 200 °C 
in an oil bath and reacted for 3 h. Subsequently, the flask was hooked to a vacuum 
transfer bar and Schlenk flask. The Schlenk flask was charged with toluene and 
freeze pump thawed. The volatiles from the NC reaction were then vacuum 
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transferred over to the Schlenk flask. The gases dissolved in toluene were 
identified as OCS. FT-IR (KBr liquid cell): 2041 (vs). MS (ASAP) m/z calcd for 
[OCS+]: 60.0. Found: 60.2. 
 
 
Figure 2.7.4. A) FT-IR of volatile coproducts obtained from the reaction of 
1e with cadmium oleate. The volatiles were vacuum transferred into 
toluene. *Instrument artifacts. **CO2 background subtraction makes it 
difficult to characterize if CO2 is present in the sample. B) ASAP+ mass 
spectrum of volatile coproducts dissolved in toluene. *These peaks were 





2.7.17. Precursor Characterization 
O,O’-bis(4-methoxyphenyl) thiocarbonate (1a) 
 Yield 5.50 g (48%). 1H NMR (400 MHz, CDCl3): δ = 3.82 (s, 6H), 6.92−6.98 (m, 
4H), 7.10−7.16 (m, 4H). 13C{1H} (100 MHz, CDCl3): δ = 55.72, 114.68, 122.70, 147.36, 
158.0, 196.13. Anal. Calcd for C15H14O4S: C, 62.05; H, 4.86. Found: C, 61.29; H, 4.16. 








O-(4-Methoxyphenyl)-O′-(p-tolyl) Thiocarbonate (1b) 
 The crude material (1.11 g) was recrystallized from methanol to yield 0.924 
g (67%) of 1b as white crystals. 1H NMR (400 MHz, CDCl3): δ = 2.42 (s, 3H), 3.86 (s, 
3H), 7.02−6.94 (m, 2H), 7.20−7.10 (m, 4H), 7.31−7.25 (m, 2H). 13C{1H} (100 MHz, 
CDCl3): δ = 21.13, 55.71, 114.69, 121.55, 122.70, 130.30, 136.69, 147.38, 151.66, 158.04, 
195.79. Anal. Calcd for C15H14O3S: C, 65.67; H, 5.14. Found: C, 65.60; H, 4.87. MS 







O,O′-Di-p-tolyl Thiocarbonate (1c) 
The crude material (1.13 g) was recrystallized from methanol to yield 0.984 
g (76%) of 1c as white crystals. 1H NMR (400 MHz, CDCl3): δ = 2.38 (s, 6H), 
7.07−7.12 (m, 4H), 7.22−7.27 (m, 4H). 13C{1H} (100 MHz, CDCl3): δ = 21.14, 121.57, 
130.31, 136.71, 151.65, 195.52. Anal. Calcd for C15H14O2S: C, 69.74; H, 5.46. Found: 








O-Phenyl-O′-(p-tolyl) Thiocarbonate (1d)  
The crude material (1.03 g) was recrystallized from methanol to yield 0.802 
g (66%) of 1d as white crystals. 1H NMR (400 MHz, CDCl3): δ = 2.43 (s, 3H), 
7.13−7.19 (m, 2H), 7.24−7.33 (m, 4H), 7.34−7.40 (m, 1H), 7.47− 7.54 (m, 2H). 13C{1H} 
(100 MHz, CDCl3): δ = 21.13, 121.54, 121.97, 126.91, 129.77, 130.32, 136.73, 151.62, 
153.73, 195.21. Anal. Calcd for C14H12O2S: C, 68.83; H, 4.95. Found: C, 68.61; H, 4.65. 







O,O′-Diphenyl Thiocarbonate (1e)  
The crude material (1.01 g) was further purified by recrystallization from 
acetonitrile to yield 0.770 g (67%) of 1e as white crystals. 1H NMR (400 MHz, 
CDCl3): δ = 7.20 (d, 4H), 7.30 (t, 2H), 7.43 (t, 4H). 13C{1H} (100 MHz, CDCl3): δ = 
121.97, 126.96, 129.80, 153.73, 194.94. Anal. Calcd for C13H10O2S: C, 67.80; H, 4.38. 








O-(4-Chlorophenyl)-O′-(p-tolyl) Thiocarbonate (1f)  
The crude material (1.14 g) was recrystallized from acetonitrile to yield 
0.954 g (68%) of 1f as white crystals. 1H NMR (400 MHz, CDCl3): δ = 2.39 (s, 3H), 
7.06−7.11 (m, 2H), 7.13−7.19 (m, 2H), 7.22−7.28 (m, 2H), 2.39 (m, 2H). 13C{1H} (100 
MHz, CDCl3): δ = 21.14, 121.45, 123.46, 129.91, 130.37, 132.48, 136.89, 151.57, 152.08, 
194.90. Anal. Calcd for C14H11O2SCl: C, 60.32; H, 3.98. Found: C, 60.06; H, 3.68. MS 







O-(p-Tolyl)-O′-(4-(trifluoromethyl)phenyl) Thiocarbonate (1g) 
The crude material (1.26 g) was recrystallized from acetonitrile to yield 
0.949 g (61%) of 1g as white crystals. 1H NMR (400 MHz, CDCl3): δ = 2.44 (s, 3H), 
7.12−7.17 (m, 2H), 7.27−7.33 (d, 2H), 7.37−7.42 (d, 2H), 7.75−7.80 (d, 2H). 13C{1H} 
(100 MHz, CDCl3): δ = 21.12, 121.41, 122.77, 123.86, 127.2 (q, J = 4 Hz), 129.24 (q, J = 
33 Hz), 130.40, 136.98, 151.52, 155.82, 194.36. 19F{1H} (CDCl3, 425 MHz): δ = −61.35 
(s, 3F). Anal. Calcd for C15H11O2SF3: C, 57.69; H, 3.55. Found: C, 57.44; H, 3.25. MS 























O-Cyclohexyl-O′-(p-tolyl) Thiocarbonate (1h) 
The crude material was recrystallized from methanol to yield 0.159 g (62%) 
of 1h as white crystals. 1H NMR (400 MHz, CDCl3): δ = 1.30−1.53 (m, 3H), 1.55− 
1.75 (m, 3H), 1.76−1.89 (m, 2H), 2.04−2.17 (m, 2H), 2.4 (s, 3H), 5.28 (sep, 1H), 7.02 
(d, 2H), 7.23 (d, 2H). 13C{1H} (100 MHz, CDCl3): δ = 21.13, 23.76, 25.36, 31.01, 83.58, 
121.81, 130.14, 136.29, 151.37, 194.72. Anal. Calcd for C14H18O2S: C, 67.16; H, 7.25. 







O-(4-Chlorophenyl)-O′-phenyl Thiocarbonate (1i) 
The crude material (1.081 g) was recrystallized from acetonitrile to yield 
0.796 g (60%) of 1i as white crystals. 1H NMR (400 MHz, CD2Cl2): δ = 7.2−7.3 (m, 
4H), 7.35−7.41 (m 1H), 7.45−7.54 (m, 4H). 13C{1H} (100 MHz, CD2Cl2): δ = 121.75, 
123.44, 126.9, 128.34, 129.7, 132.25, 152, 153.63, 195. Anal. Calcd for C13H9O2SCl: C, 
58.98; H, 3.43. Found: C, 58.98; H, 3.43. MS (ASAP) m/z calcd for [C13H9O2SCl + H+]: 







O-(2,6-Dimethylphenyl-O′-(p-tolyl) Thiocarbonate (1j) 
The crude material (1.175 g) was recrystallized from methanol to yield 
0.6015 g (44%) of 1j as white crystals. 1H NMR (400 MHz, CD2Cl2): δ = 2.3 (s, 6H), 
2.43 (s, 3H), 7.12 (d, 2H), 7.16 (s, 3H), 7.31 (d, 2H). 13C{1H} (100 MHz, CD2Cl2): δ = 
15.9, 20.7, 121.3, 126.5, 128.8, 130.1, 130.2, 136.8, 150.8, 151.6, 193.3. Anal. Calcd for 
C16H16O2S: C, 70.56; H, 5.92. Found: C, 70.24; H, 5.71. MS (ASAP) m/z calcd for 







O-(p-Tolyl)-N-p-tolyl Thiocarbamate (2) 
The crude material (1.27 g) of a white powder was collected and 
recrystallized from acetonitrile to yield 0.921 g (71%) of 2 as a white powder. 1H 
NMR (400 MHz, 273 K, CD2Cl2): δ = 2.36 + 2.39 + 2.40 (s, 6H), 7.00−7.07 (m, 2H), 
7.18− 7.34 (m, 5H), 7.54 (d, 1H), 8.47 + 8.83 (s, 1H). 13C{1H} (100 MHz, 273 K, CD2Cl2): 
δ = 20.7, 20.8, 122.05, 122.08, 122.60, 123.67, 129.46, 129.74, 129.80, 129.83, 134.34, 
134.90, 136.02, 136.13, 136.55, 150.67, 151.40, 188.00, 188.12. Anal. Calcd for 
C15H15ONS: C, 70.01; H, 5.87; N, 5.44. Found: C, 69.71; H, 5.79; N, 5.52. MS (ASAP) 





O-Phenyl-N-methyl(phenyl) Thiocarbamate (3) 
Yield 1.554 g (74%) of 3 as a white powder. 1H NMR (400 MHz, 273 K, 
CD2Cl2): δ = 3.69 + 3.81 (s, 3H), 6.95−7.93 (m, 10H). 13C{1H} (100 MHz, 273 K, 
CD2Cl2): δ = 41, 44.8, 122.72, 123.08, 125.84, 125.99, 126.11, 127.09, 127.8, 127.84, 
129.28, 129.3, 129.51, 129.61, 143.58, 146.27, 154, 154.13, 187.78, 189.07. Anal. Calcd 
for C14H13ONS: C, 69.11; H, 5.38; N, 5.76. Found: C, 68.96; H, 5.14; N, 5.72. MS 








Yield 9.321 g (92%) of 5b as white crystals. 1H NMR (400 MHz, CDCl3): δ = 
3.69 (s, 3H), 6.93 (b, 1H), 7.14−7.23 (m, 1H), 7.28−7.4 (m, 6H), 7.41−7.48 (m, 1H), 
7.52−7.58 (m, 2H). 13C{1H} (100 MHz, CDCl3): δ = 43.62, 125.71, 126.04, 127.03, 
128.63, 128.86, 130.84, 139.30, 143.02, 181.47. Anal. Calcd for C14H14N2S: C, 69.39; H, 
5.82; N, 11.56. Found: C, 68.63; H, 5.26; N, 11.41. MS (ASAP) m/z calcd for 








Yield: 2.76 g (49%) of 6b as colorless crystals. 1H NMR (400 MHz, CDCl3): δ 
= 1.94−1.84 (m, 8H), 3.65−3.55 (m, 8H). 13C{1H} (100 MHz, CDCl3): δ = 25.84, 53.08, 
184.98. Anal. Calcd for C9H16N2S: C, 58.65; H, 8.75; N, 15.20. Found: C, 58.80; H, 









Di-p-tolyl Carbonate (8c) 
Yield 0.643 g (25%) of 7c as a white powder. 1H NMR (400 MHz, CDCl3): δ 
= 2.39 (s, 6H), 7.17 (d, 4H), 7.22 (d, 4H). 13C{1H} (100 MHz, CDCl3): δ = 20.88, 120.6, 
130, 136, 148.89, 152.46. Anal. Calcd for C15H14O3: C, 74.36; H, 5.82. Found: C, 74.54; 










Brown oil. Yield 1.44 g (81%). 1H NMR (400 MHz, CDCl3): δ = 0.92 (t, 3H), 
1.17−1.51 (m, 20H), 1.78 (quin, 2H), 1.97−2.14 (m, 4H), 2.37 (s, 3H), 2.56 (t, 2H), 5.38 
(m, 2H), 6.98 (d, 2H), 7.19 (d, 2H). 13C{1H} (100 MHz, CDCl3): δ = 14.22, 20.88, 22.77, 
25.02, 27.23, 27.3, 29.16, 29.24, 29.41, 29.62, 29.76, 29.85, 32, 34.4, 121.1, 129.74, 
129.88, 130.04, 135.2, 148.65, 172.37. Anal. Calcd for C25H40O2: C, 80.59; H, 10.82. 








Brown oil. Yield 1.153 g (67%). 1H NMR (400 MHz, CD2Cl2): δ = 0.89 (t, 3H), 
1.20−1.49 (m, 20H), 1.74 (quin, 2H), 1.97−2.10 (m, 4H), 2.54 (t, 2H), 5.36 (m, 2H), 
7.03−7.09 (m, 2H), 7.19−7.26 (m, 1H), 7.35−7.41 (m, 2H). 13C{1H} (101 MHz, CD2Cl2): 
δ = 14.32, 23.13, 25.32, 27.57, 27.61, 29.49, 29.54, 29.60, 29.76, 29.95, 30.14, 30.22, 
32.35, 34.69, 122.10, 126.06, 129.74, 130.13, 130.36, 151.35, 172.67. Anal. Calcd for 
C24H38O2: C, 80.39; H, 10.68. Found: C, 79.82; H, 11.27. MS (ASAP) m/z calcd for 







White powder. Yield 2.6077 g (51%). 1H NMR (400 MHz, CD2Cl2): δ = 2.34 
(s, 3H), 2.39 (s, 3H), 7.01−7.07 (m, 2H), 7.16− 7.21 (m, 2H), 7.22−7.28 (m, 2H), 
7.45−7.50 (m, 2H). 13C{1H} (100 MHz, CD2Cl2): δ = 20.53, 21.02, 120.88, 123.71, 129.93, 
130.04, 134.86, 136.15, 140.51, 149.14, 169.14. Anal. Calcd for C15H14O2S: C, 69.74; H, 









White crystals. Yield 1.947 g (42%). 1H NMR (400 MHz, CD2Cl2): δ = 
7.15−7.21 (m, 2H), 7.24− 7.30 (m, 1H), 7.36−7.50 (m, 5H), 7.59−7.65 (m, 2H). 13C{1H} 
(101 MHz, CD2Cl2): δ = 121.64, 126.68, 127.63, 129.71, 129.93, 130.34, 135.31, 151.72, 
169.08. Anal. Calcd for C13H10O2S: C, 67.80; H, 4.38. Found: C, 67.53; H, 4.20. MS 
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CHAPTER 3. Precursor Reaction Kinetics Control Compositional Grading in 
CdSe1-xSx Nanocrystal Heterostructures 
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3.1. Abstract 
3.1.1. Technical Abstract 
 We report a method to control the composition and microstructure of 
ternary CdSe1-xSx nanocrystals by the simultaneous injection of sulfide and 
selenide precursors in a one pot synthesis. Kinetics simulations predict that 
precursors with a relative reactivity difference less than 10x can provide alloyed 
compositions, while precursors with larger reactivity differences will lead to 
abrupt interfaces. Substituted thio- and selenourea precursors with conversion 
reaction rate constants spanning 2.0 x 10-1 s-1 and 1.3 x 10-5 s-1 could be used to adjust 
the grading as was verified with UV-visible absorption spectroscopy and STEM-
EDX elemental mapping. The faster reacting precursor dictates the number of 
nuclei and the final nanocrystal size at full conversion. This method provides 
luminescent CdSe/CdS core-shell architectures (l= 514 to 622 nm, PLQY = 60 to 
75%) in one step. Slow addition of tetramethylthiourea and cadmium oleate 
provides gram quantities of thick shell, brightly emissive structures with 
photoluminescence quantum yields between  67 and 81% when a spherical 
quantum well architecture (CdS/CdSe/CdS) was used. This approach provides 
unprecedented ability to produce highly emissive quantum dots spanning the 
visible (l = 543 to 611 nm) using a one pot method. 
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3.1.2. Plain English Abstract 
 Core/shell nanocrystals composed of two distinct semiconductor materials 
possess brighter emissive properties than single component nanocrystals based on 
the alignment of their bandgaps. This architecture is used in commercial 
applications including fluorescent lightbulbs, television displays, and biological 
imaging. In this section, we introduce new classes of cyclic sulfur and selenium 
containing compounds as precursors for CdS and CdSe nanocrystal synthesis. As 
in Chapter 2, each sulfur and selenium precursor’s substitution pattern and 
structure influences the rate of nanocrystal formation, which in turn influences the 
number and size of the nanocrystals produced. Here, we utilize our control of 
sulfur and selenium precursor reaction rates towards 1) designing easier and more 
reproducible core/shell nanoparticle syntheses and 2) studying inherent 
differences in CdS and CdSe nucleation and growth processes, uniquely enabled 
by our expansive precursor library. 
3.2. Context 
 Precursor reactivity is an important tool for synthesizing precisely defined 
architectures by design. A well-documented relationship between the precursor 
conversion reactivity and the number of nanocrystals nucleated during a reaction 
has appeared in CdS, CdSe, PbS, and PbSe syntheses.1-7 Libraries of precursors 
have been developed that provide control over the number of nanocrystals and a 
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mechanism to adjust the size following quantitative conversion.5-7 This is 
preferable over other size tuning methods such as early reaction termination, 
surfactant mixture adjustment, temperature changes, and additive introduction 
because these all impact the final material’s surface chemistry and crystallinity, 
and therefore final properties of interest.8-14  
3.2.1. Three Approaches to Nanocrystal Heterostructures 
Nanocrystal heterostructures, including CdSe/CdS, are among the most 
desirable luminescent downconverters for solid-state lighting, electronic displays, 
and biological imaging applications.15-19 Compositional control of these structures 
is essential to achieving particular emission wavelengths, photoluminescence 
quantum yields (PLQYs), and exciton and multi-exciton recombination.20-28  
Presently, these heterostructures are synthesized by (1) layer-by-layer, (2) seeded 
growth, and (3) precursor mixtures. 
Layer-by-layer methods include successive ion layer adsorption and 
reaction (SILAR)24, 29 and slow precursor injections via syringe pump,20, 25, 28 which 
avoid nucleation of shell precursors via either precise half monolayer precursor 
additions or the use of less reactive precursors at high temperatures.20, 22, 30-31 This 
is not ideal; the changing precursor injection volumes in SILAR are tedious to set 
up, and the high temperatures (300 °C to 310 °C) used in syringe pump methods 
lead to undesirable Cd(O2CR)2 decomposition to CdO, Cd0, and CdCO3.32 
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Nonetheless, layer-by-layer syntheses are highly effective and have been 
optimized to avoid the nucleation of new nanocrystals with engineering or process 
controls. However, both of these methods face challenges in process 
reproducibility as well as practicality, especially for the growth of large shells, 
which are known to lead to high PLQYs. 
Seeded growth reactions occur via a traditional hot injection synthesis in 
the presence of pre-existing nanocrystal cores. Historically, this type of reaction 
has been used to grow anisotropic structures such as CdSe/CdS seeded rods, 
tetrapods, and octapods,33-37 although more recently the “flash” synthesis out of 
the Hens group has extended it towards isotropic particle growth as well.38-39  In 
seeded growth reactions, the shell growth rate does not depend on the 
composition of the nanocrystal seed, suggesting that this process is dominated by 
the reactivity of new solute being produced.40 The key to these reactions lies in 
balancing solute supply and solubility to disfavor homogeneous nucleation of 
shell precursors and favor heterogeneous growth of the shell material. 
Mixed precursor syntheses proceed via a single injection of mixtures of both 
sulfide and selenide precursors possessing different conversion rates and rely on 
chemical kinetics to form heterostructures. These methods use phosphine 
chalcogenides,23, 41 bis(trimethylsilyl)chalcogenides and elemental chalcogen 
precursors42-44 to prepare CdS1-xSex graded nanorods45 as well as CdSe1-xSx,46 CdTe1-
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xSx,47 CdTe1-xSex,48-49 PbSe1-xSx, PbTe1-xSx, and PbTe1-xSex nanoparticles.50 Often the 
relative reactivity of these precursor mixtures is not well defined and it is unclear 
how the relative conversion of the two precursors influences the nanostructure. In 
theory, these mixed precursor syntheses possess immense potential to leverage 
chemical control over reproducibly accessing heterostructures with fine-tuned 
compositional changes. To expand on these efforts, there is great opportunity in 
developing reactions utilizing (1) rate-tunable chalcogenide precursors with 
appropriate conversion rates, and (2) consistent crystallization conditions and 
surfactant mixtures. 
3.2.2. Characterization Challenges in Ternary Nanocrystals 
Post-synthesis, the atomic composition of ternary quantum dots is 
challenging to determine with high spatial resolution. STEM-EDX and HAADF 
STEM profiles work well for post-synthetic characterization of elemental 
distributions in large (d  ≥ 30 nm) particles,25, 51-52 but elemental mapping of small 
particles is much more challenging. Powder X-ray diffraction,53 Raman 
spectroscopy, X-ray fluorescence, X-ray photoelectron spectroscopy (XPS), 
photoemission spectroscopy, energy dispersive X-ray spectroscopy (EDX), 
Rutherford backscattering, and solid-state 113Cd and 77Se NMR spectroscopy, have 
all been used to analyze compositional gradients.27, 42-43, 54-55 A single injection of 
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mixed precursors often produces gradient structures based on elemental 
analysis.56-57 
Grading the interface between CdSe and CdS is thought to reduce the rate 
of Auger recombination, a property of great importance to quantum dot lasers and 
down converting materials for solid state lighting. Large graded compositions can 
reduce electron-electron interactions and weaken the coupling of the biexcitons to 
the high energy hot excitonic states.58 Recent theoretical and experimental studies 
debate whether graded alloy structures minimize Auger recombination in 
quantum dots.25, 28, 58-60 We believe that a more defined means to access interface 
grading—such as via kinetic control of precursor conversion—is required to settle 
this debate. 
Controlled precursor reactivity presents the opportunity to finely grade the 
interfaces of CdSe/CdS heterostructures in a single synthetic step. The tunable 
solute supply provided by recently reported chalcogenourea and carbonate 
precursors spans several orders of magnitude in reactivity. Leveraging this 
precursor library could enable systematic structural changes such as introducing 
graded interfacial regions or altering the precise ratio of sulfur and selenium in the 
nanocrystal core. This new methodology affords an unprecedented level of control 
over nanocrystal heterostructure synthesis and will enable synthetic access to the 
next generation of nanocrystals for use in LEDs and displays. 
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3.3. Precursor Synthesis 
3.3.1. Chalcogenourea Precursor Synthesis 
To access reaction temperatures where CdSe nanocrystals can be prepared, 
we synthesized N-monosubstituted and N,N’-disubstituted imidazolidine (SI) and 
pyrimidine (Pym) thiones and selones and studied their reaction with cadmium 
oleate at 240 ˚C (Figure 3.3.1 and Table 3.3.1). Our naming scheme for these 
compounds draws inspiration from the cyclic selenourea literature.61-62 
 
Figure 3.3.1. Compound nomenclature for cyclic thione and selone 
compounds. 
 
N-substituted cyclic selones are prepared in moderate to good yields in a 
single step by refluxing diamines with triethyl orthoformate and elemental 
selenium.63 N-substituted cyclic thiones can be synthesized from carbon disulfide 
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or thiophosgene and substituted diamines,64-66 however due to the flammability 
and toxicity of these reagents, cyclic thiones were synthesized from 
thiocarbonyldiimidazole.66-67 The majority of cyclic thiones and selones are readily 
prepared in this way, with the tert-butyl and tetrahydropyrimidine derivatives as 
notable exceptions, reacting to low yields. We hypothesize that difficulties with 
the di-tert-butyl substituted selone and thione arise from steric crowding that 
inhibits the cyclization process. Additionally, reactions with propanediamines are 
conducted under dilute conditions to prevent oligomerization, which is known to 
compete with the cyclization step.65  
 
Table 3.3.1. Synthesis of a library of N-monosubstituted and N,N’-
disubstituted cyclic thiones and selenones. Recrystallized compound yields 
are reported. 
 
Compound E R2 R2 Yield (%) 
S(SIPh) S H Ph 84 
S(SIMe) S H Me 71 
S(SIEt) S H Et 73 
S(SIiPr) S H iPr 74 
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S(SIPh2) S Ph Ph 78 
S(SIMe2) S Me Me 60 
S(SIEt2) S Et Et 59 
S(SIiPr2) S iPr iPr 66 
S(PymMe) S H Me 54 
S(PymiPr) S H iPr 46 
S(PymMe2) S Me Me 72 
S(PymEt2) S Et Et 74 
S(PymiPr2) S iPr iPr 76 
Se(SIPh) Se H Ph 25 
Se(SIEt) Se H Et 38 
Se(SIiPr) Se H iPr 21 
Se(SIPh2) Se Ph Ph 44 
Se(SIt-Bu2) Se t-Bu t-Bu 3 
Se(SIMe2) Se Me Me 50 
Se(SIEt2) Se Et Et 77 
Se(SIiPr2) Se iPr iPr 56 
Se(PymMe) Se H Me 11 
Se(PymMe2) Se Me Me 8 
Se(PymEt2) Se Et Et 2 
Se(PymiPr2) Se iPr iPr 3 
 
3.3.2. Cadmium Oleate Synthesis 
 In order to standardize our nanoparticle reactions and eliminate the 
production of water or acetic acid generated by in situ cadmium carboxylate 
synthesis,32 we synthesize cadmium oleate on 50 g scales from the reaction of 
cadmium trifluoroacetate with triethylammonium oleate (Section 3.10.4). After 
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isolating cadmium oleate as a white powder it can be pumped into a glove box 
and stored airfree. Benefits of this method include standardization of the chemical 
composition of the starting metal oleate and easy reaction setup. The shelf stable 
cadmium oleate enabled us to perform high throughput reaction condition 
screenings at WANDA in order to perform kinetics experiments and one-pot 
core/shell reactions described in Chapter 5. 
3.4. CdS and CdSe Nanoparticle Synthesis 
Cyclic thiones and selones react with cadmium oleate at 240 ˚C producing 
CdSe and CdS nanocrystals over the course of minutes to hours depending on 
their substituents (Figure 3.4.1). Reaction kinetics are monitored by quantitative 
aliquoting of the reaction mixture. The disappearance of the precursors and the 
formation of corresponding urea and carboxylic anhydride coproducts are 
followed using 1H NMR spectroscopy.4-7 Nanocrystal formation is monitored with 
UV-visible absorption spectroscopy. Extinction coefficients for CdSe68 and CdS7 
are known that allow the yield of semiconductor to be compared with the 
disappearance of the starting material.  
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Figure 3.4.1. A) Standard reaction scheme for the substituted cyclic thiones 
and selones used in this study. Final absorption and fluorescence spectra 
from reactions with several cyclic thiones and selones to produce B) CdS 
nanocrystals and C) CdSe nanocrystals. 
 
Among the classes of new precursors, some cyclic thiones proved relatively 
unreactive and produce few nanocrystals that quickly reach a size that 
precipitated from the reaction solution. In those cases, the conversion was 
monitored in the presence of CdS seeds at a concentration that maintains a small 
nanocrystal size and a homogeneous dispersion. Classes S(SIR), Se(SIR), 
Se(SIR2), Se(PymR), and Se(PymR2) (Table 3.4.1) however, can be used to nucleate 
nanocrystals at desirable concentrations. 
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In all cases studied here, kinetics measurements performed with NMR 
spectroscopy and UV-vis spectroscopy agree within measurement error (Figure 
3.4.2). A single exponential fit of the conversion and yield was used to extract a 
reactivity exponent (kr) for each precursor, analogous to a first order conversion 
reaction rate constant (sec-1). However, kr is distinct from a first order rate constant 
because the kinetics are not run under pseudo-first order conditions and may 
follow a preequilibrium binding and rate determining C=E bond cleavage. 
Nonetheless, the exponents provide a way to conveniently order the relative 
precursor reactivity. Reactivity coefficients are plotted for the new cyclic thione 
and selone precursor classes as well as previously reported precursors measured 
under identical conditions (Figure 3.4.3). Five orders of magnitude in reactivity are 
apparent, with many pairs of sulfur and selenium precursors within an order of 
magnitude of each other (Figure 3.4.3 and Table 3.4.1). 
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Figure 3.4.2. Comparison of conversion kinetics as measured by UV-vis and 
1H NMR show nice agreement for A) S(SIPh2) and B) Se(SIPh2). 
 
 
Figure 3.4.3. Relative rate constants of chalcogenourea precursor library 




Table 3.4.1. A list of the relative conversion rate constants for the cyclic 
thiones and selones used in this study. 
Precursor kr (s-1) Precursor kr (s-1) 
S(SIPh)  2.5 x 10-3 Se(SIPh) 2.0 x 10-1 
S(SIMe) 1.2 x 10-3 Se(SIEt) 6.3 x 10-2 
S(SIEt) 6.6 x 10-4 Se(SIiPr) 4.0 x 10-2 
S(SIPh2) 2.2 x 10-4 Se(SIPh2) 2.0 x 10-2 
S(PymMe) 1.6 x 10-4 Se(PymMe) 1.5 x 10-2 
S(SIiPr) 1.3 x 10-4 Se(SIt-Bu2) 7.4 x 10-3 
S(SIMe2) 6.5 x 10-5 Se(SIMe2) 3.3 x 10-3 
S(PymMe2) 5.5 x 10-5 Se(PymMe2) 2.2 x 10-3 
S(SIEt2) 2.2 x 10-5 Se(SIEt2) 1.3 x 10-3 
S(PymEt2) 1.8 x 10-5 Se(PymEt2) 1.0 x 10-3 
S(PymiPr) 1.6 x 10-5 Se(PymiPr2) 9.5 x 10-4 
S(SIiPr2) 1.5 x 10-5 Se(SIiPr2) 2.1 x 10-4 
S(PymiPr2) 1.3 x 10-5   
 
3.4.1. Reactivity Trends 
Several reactivity trends emerge from the range of kr. Sterically encumbered 
precursors are typically less reactive, causing an order of magnitude reduction in 
reactivity on going from methyl to isopropyl. Precursors with tert-butyl groups, 
however, are anomalously reactive and likely follow a different conversion 
mechanism. Aryl substituted precursors tend to be more reactive, although ortho-
substitution dramatically reduces the conversion reactivity. Both effects are 
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consistent with a mechanism involving Lewis acidic activation of the chalcogen. 
Cyclic precursors are substantially less reactive than acyclic structures with the 
same substituents. For example, tetramethyl thiourea is more reactive than N,N’-
dimethylimidazolinethione by an order of magnitude. Likewise, the larger ring 
size of the pyrimidine chalcogenones further reduces their reactivity, perhaps by 
orienting their substituents toward the chalcogen atom and weakening its binding 
with cadmium oleate. 
3.4.2. Additional Precursors 
Several additional cyclic precursor classes were explored whose utility 
under our reaction conditions is variable. 
 
 
Figure 3.4.4. A) Summary of all cyclic precursor classes whose reactivity 
with cadmium oleate was investigated and B) synthetic scheme for the 
synthesis of N-monosubstituted imidazoline thiones. 
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We synthesized N-monosubstituted cyclic imidazoline thiones by reacting 
substituted isothiocyanates with aminoacetaldehyde diethyl acetal followed by 
cyclization in the presence of acid (Figure 3.4.4B).69 When used as CdS precursors, 
these N-monosubstituted imidazoline thione precursors did not form CdS even 
after several hours of reaction. 
 Cyclopropene thiones and selones synthesized by M. A. Radtke from 
Tristan Lambert’s lab were used as CdS and CdSe precursors. These molecules are 
good sources of CdS and CdSe that allow for the accessibility of intermediate 
precursor conversion rates. Under our standardized reaction conditions, 2,3-
bis(dicyclohexylamino)cycloprop-2-ene-1-selenone has a kr = 4.8 x 10-4 which 
possesses reactivity between Se(PymiPr2) and Se(SIiPr2). 
Due to changes in C=E bond strengths, telluroureas should possess greater 
reactivity than selenoureas and thioureas of a given substitution pattern. Thus, we 
reacted a tellurium analogue of our slowest dialkyl selone precursors (1,3-
diisopropyl-4,5-dimethyl-1,3-dihydro-2H-imidazole-2-telluorone synthesized by 
B. Choi from Xavier Roy’s lab) with cadmium oleate under our standard reaction 
conditions. Mixing limited kinetics were observed. In order to further reduce 
tellurourea precursor reactivity, the N,N’-dimesityl derivative is a promising 
future target. 
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3.4.3. Nanocrystal Nucleation as a Function of Conversion Rate 
As has been observed in several other nanocrystal publications, more 
reactive precursors increase the number of nanocrystals nucleated.2-3, 5-6 However, 
under otherwise identical reaction conditions and precursor conversion rates, we 
observe that more CdS than CdSe nanocrystals nucleate (Figure 3.4.5). A notable 
exception is Se(SIPh2) which nucleates more CdSe nanocrystals compared to the 
other selenourea precursors. Notably, this is the only diaryl cyclic selone tested 
that could possess a different reaction mechanism than the alkyl substituted 
selones. Differences in precursor structure are likely to affect the reaction 
mechanism; for example, disubstituted and trisubstituted thioureas will likely 
react via an initial deprotonation to form a metal thioureate complex, whereas 
tetrasubstituted compounds and thiocarbonates cannot. Interestingly, across a 
wide variety of structures, CdS tends to nucleate more nanocrystals than CdSe 
which we tentatively attribute to a slower material growth rate. 
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Figure 3.4.5. Particle number vs. precursor conversion rate constant for the 
library of sulfur and selenium precursors all run under the standard 
cadmium chalcogenide reaction conditions. 
 
To further explore the effect precursor class has on nucleation, we compare 
the number of nuclei produced by selones based on the saturated imidazole 
backbone with the number of nuclei produced by selones based on the 
tetrahydropyrimidine backbone (Figure 3.4.6).  We observe that fewer particles 
nucleate for the tetrahydropyrimidine selone precursors compared to the 
imidazolidine selone precursors. Interestingly, for these two classes of compounds 
and conditions, the CdSe growth rates should be identical, indicating that 




Figure 3.4.6. Particle number vs. precursor conversion rate constant for the 
cyclic dialkyl imidazolidine selones Se(SIR2) and cyclic dialkyl 
tetrahydropyrimidine selones Se(PymR2) show that six membered ring 
compounds nucleate fewer particles than the five membered ring 
compounds at similar precursor conversion rates. 
 
3.4.4. CdS and CdSe Critical Concentrations 
With our expanded library of chalcogen precursors, we sought to compare 
the critical concentrations of CdS and CdSe nanocrystal reactions. In order to 
extract critical concentrations for these two materials, we analyzed the induction 
delay observed in the time period between precursor conversion into soluble 
solute before reaching supersaturation and undergoing nucleation processes. This 
induction delay is defined as the first stage, or pre-nucleation stage, in the LaMer 
model where monomers build up in solution until they supersaturate and trigger 
the second stage, a burst of nucleation.70-71 We notice that as sulfur and selenium 
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precursors decrease in kr, an increase in induction delay before the formation of 
nanocrystals is observed. This makes sense because slower precursors should take 
longer to reach supersaturating conditions (Figure 3.4.7). 
 
 
Figure 3.4.7. % conversion vs. time for various A) sulfur and B) selenium 
precursors all run under the standard cadmium chalcogenide nanocrystal 
reaction conditions shows an induction delay in nucleation that tracks 
roughly with precursor conversion rate. 
 
We extract the critical concentration two ways: (1) plotting induction delays 
vs. 1/kr and (2) calculating the fraction of precursor converted at nucleation, fcon, 
from each individual experiment as a product of the induction delay (tind) and 
precursor conversion rate constant (kr). Using the first method, we rearrange the 
first order rate law 
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𝑓"#$ = [𝑀][𝑀])*+ = 1 − 𝑒/012345  
 Equation 3.4.1. 
to 
𝑡7$8 = −𝑙𝑛	(1 − 𝑓"#$) 1𝑘? 
 Equation 3.4.2. 
 
The slope of the plot of induction time vs. 1/kr is equal to -ln(1-fcon) where fcon equals 
the fraction of the total chalcogen precursor added that has converted at the time 
of nucleation. For CdS run at our reaction conditions, we extract that fcon = 0.09, and 
for CdSe we extract 0.023. We multiply this by the total reaction concentration of 
10 mM to get that [CdS]crit = 0.91 mM and [CdSe]crit = 0.23 mM. Comparing the 
results obtained via method 2, we get that [CdS]crit = 1.4 mM and [CdSe]crit = 0.23 
mM. Regardless of method, we extract that the [CdSe]crit < [CdS]crit which illustrates 
that there is more to think about in kinetically controlled nanocrystal syntheses 
than simply precursor conversion rates (Figure 3.4.8). 
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Figure 3.4.8. Plot of A) induction time (s) vs. 1/kr (s) and B) [M]crit vs. kr  for 
CdS and CdSe. 
 
3.5. One-Pot Core/Shell Reactions 
The wide range of reactivity for both thiones and selones provides several 
matched pairs of precursors with which to synthesize alloy and heterostructured 
nanocrystals in a single step (Figure 3.5.1). Kinetics simulations performed by Dr. 
H. Yang were used to study the influence of reactivity on the distribution of 




Figure 3.5.1. General principle for kinetic control over the formation of 
alloyed and heterostructured nanocrystals in a single injection of chalcogen 
precursors. 
 
3.5.1. Kinetics Modeling 
Elemental distributions of nanoparticles synthesized by a simultaneous 
injection of two chalcogen precursors could be calculated following several 
assumptions: (1) solute generation kinetics are single exponential, i.e. first order in 
the chalcogen precursors and zero order in the metal, (2) the elemental 
composition of the nanocrystal is equal to the instantaneous solute generation rate 
(M-1s-1), and (3) the nanocrystals are spherical and grow isotropically. Using these 
inputs, we simulated the radial profile of nanocrystals produced across a wide 
range of compositions and relative rate constants (Figure 3.5.3A). 
For an example reaction where kSe > kS, the extent of reaction of each 
precursor at different stages of the synthesis gives rise to changes in radial 
composition, as shown in Figure 3.5.2A. At early times, the fast Se compound 
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reacts to generate CdSe-rich cores. At intermediate times, the slower S compound 
starts to react while the faster Se compound has not fully been consumed yet, 
which results in the simultaneous deposition of CdS and CdSe onto the particles 
to form a graded interfacial layer. In the final stage of the reaction, the faster Se 
compound has almost been depleted, leaving only the reaction of the remaining 
slower S compound, which produces a CdS-rich outer shell. 
The simulated elemental profile of a representative heterogeneous particle 
is shown in Figure 3.5.2B. The composition change from the center to the surface 
of the particle follows a sigmoidal curve, in which the percentage of CdSe is 
highest at the center, and lowest on the surface. We divided the curve into three 
regions. The core region is defined as the sphere from the center outwards in which 
the compositional change is less than 5% of the total compositional change over 
the whole radius. Similarly, the outer shell region is defined as the shell from the 
surface inwards in which the compositional change is also less than 5% of the total 
compositional change. The inner layer between the core and the outer shell is 
defined as the graded alloyed interfacial region, inside which 90% of the total 




Figure 3.5.2. A) Calculated temporal evolution of the concentrations of 
crystallized CdSe and CdS, Se and S precursors in a typical heterostructure 




Figure 3.5.3. A) A summary of simulation results showing three 
heterostructure features of interest. Each point represents one set of 
parameters. X-axis represents the radius of the core, Y-axis represents the 
thickness of the interfacial region, and the color of the points represents the 




A number of important observations can be made from these simulations. 
(1) Reactivity exponents within an order of magnitude are needed to substantially 
grade the core and shell interface or produce alloys. (2) Heterostructures with thick 
outer shells require a greater amount of shell precursor, and therefore a greater 
difference in reactivity is required to obtain distinct core and shell regions. The 
large amount of precursor needed to obtain a thick shell, also increases the 
instantaneous rate of production at early times. This increases the tendency to 
form an alloyed core. For example, a QD heterostructure with a 4 nm CdSe core 
and a 3 nm thick CdS shell is 95% CdS and requires ~20x the amount of sulfide 
precursor. Thus, to obtain a heterostructure with distinct core and shell regions, 
the reactivity of the core precursor must be 200x greater than the shell precursor. 
Thicker shells require even greater differences. (3) Higher fidelity structures (e.g. 
with pure phase cores, a thick graded interface, and a pure phase shell) require 
more than two precursors to obtain distinct regions. A series of precursors with 
“laddered” reactivity can lead to such a structure. Such a scenario is depicted in 
Figure 3.5.3B. However, as the dimensions of the nanocrystal grow, and the outer 
layers make up a greater fraction of the whole, the differences in reactivity must 
be magnified. The resulting range of required reactivity is large and leads to 
impractically long total reaction times. We estimate that reaction times of several 
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days are required to produce pure core-graded interface-pure shell structures with 
radii >10 nm (Figure 3.5.4). 
 
Figure 3.5.4. Reaction times required to grow heterostructures as a function 
of shell thickness. Impractically long reaction times are needed for thick-











3.5.2. Experimental Core/Shell Results 
Using these principles as a guide we selected pairs of precursors to prepare 
CdSe/CdS, CdSe1-xSx, and CdS/CdSe heterostructures in a single synthetic step 
(Figure 3.5.5).  
 
Figure 3.5.5. Synthetic scheme for the kinetically controlled formation of 
core/shell nanocrystals. A) UV-vis spectra of CdSe/CdS core/shell and B) 
UV-vis and fluorescence spectra of CdS/CdSe core/shell nanocrystals 
synthesized via kinetic control. 
 
When using a Se precursor (Se(SIt-Bu2)) that is 100x more reactive than a 
sulfide precursor partner (S(SIMe2)), a CdSe nanocrystal appears and grows to ~4 
nm, followed by a slow deposition of a CdS shell that increases the absorbance at 
high energies (< 400 nm) (Figure 3.5.5A and Figure 3.5.6). During the CdS 
formation, the photoluminescence quantum yield (PLQY) increases and the 
luminescence lifetime shortens, signs that CdS is depositing on the CdSe nucleus 
(Figure 3.5.7). Scanning transmission electron microscopy and energy dispersive 
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x-ray spectroscopy (STEM EDX) support the expected CdSe/CdS microstructure 
(Figure 3.5.8).  
 
 
Figure 3.5.6. A) Scheme for the synthesis of red emitting CdSe/CdS 
nanocrystals, B) their individual precursor conversion rates as monitored 






Figure 3.5.7. Fluorescence lifetimes and PLQY of CdSe/CdS and CdS/CdSe 
core/shell nanoparticles are indicative of the predicted structures. 
 
 
Figure 3.5.8. STEM EDX elemental map of predicted CdSe/CdS nanocrystal 
confirms elemental distributions with blue = cadmium, red = selenium, 
green = sulfur. 
 
The reverse architecture is obtained when a reactive CdS precursor (N-
dodecyl-N’-hexylthiourea) is paired with a 100x slower selenium precursor 
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(Se(SIEt2)): CdS rapidly nucleates (d = 2.1 nm, lmax = 351 nm) upon which CdSe 
deposits over an hour. Growth of the CdSe layer causes lower energy absorption 
features to appear and shift across the visible (Figure 3.5.5B and Figure 3.5.9). Long 
photoluminescence lifetimes (t1/2) and low PLQY are consistent with the CdS/CdSe 
core/shell heterostructure (Figure 3.5.7). 1H NMR spectroscopy of reaction aliquots 
taken from these mixtures suggests that the conversion reactivity is unchanged 
from the single component reactions. Thus, in the cases studied here where kr of 
the two precursors differ by more than an order of magnitude, the precursors do 
not have a strong effect on each other’s reactivity. (Figure 3.5.10). 
 
 
Figure 3.5.9. A) Scheme for the synthesis of blue emitting CdS/CdSe 
nanocrystals, B) their individual precursor conversion rates as monitored 
via UV-vis absorbance spectra, C) predicted radial distribution, and D) UV-




Figure 3.5.10. A) Reaction to form CdSxSe1-x/CdS with a single injection of 
three precursors, B) 1H NMR kinetics of precursor conversion, C) 
quantification of conversion via 1H NMR, and D) UV-vis and fluorescence 
spectra of reaction aliquots. Observed rate constants determined via 1H 
NMR match well with single component precursor conversion rates. 
 
3.5.3. Experimental Alloy Synthesis 
When we react two precursors possessing conversion rates that are within 
one order of magnitude of each other, we predict the formation of an alloyed 
CdSe1-xSx nanoparticle (Figure 3.5.11). Ongoing Raman and pair distribution 
function analysis experiments must be performed to confirm the alloyed structure 
of these nanocrystals. 
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Figure 3.5.11. A) Scheme for the synthesis of blue emitting CdSxSe1-x 
nanocrystals, B) their individual precursor conversion rates as monitored 
via UV-vis absorbance spectra, C) predicted radial distribution, and D) UV-
vis and fluorescence spectra of reaction aliquots. 
 
3.5.4. Color Tunability 
Both the concentration of nanocrystals (set by the more reactive precursor) 
and the Se:S ratio can be used to control the final emission wavelength. The more 
reactive precursor typically controls the nucleation phase and determines the 
number of nanocrystals and therefore, the final size at full conversion. For 
example, several selenium precursors were paired with a slow (< 10x) sulfur 
precursor to prepare CdSe/CdS core/shell nanocrystals. The selenium conversion 
kinetics control the nucleation phase, and much like single component reactions, 
faster reactivity leads to bluer emission wavelengths, and slower reactivity 
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produces a larger particle possessing redder emission. A wide range of colors can 
be accessed in this way depending on the precursor employed (lmax = 515 – 622 
nm, Figure 3.5.12), including blue-green emitters that are otherwise challenging to 
synthesize.  
 
Figure 3.5.12. Color tunability of CdSe/CdS core/shell nanocrystals made 
via this method is accomplished by changing the fast selenium precursor. 
The identity of this precursor sets the CdSe core size. Paired with a slower 
sulfur precursor, high PLQY products can be synthesized with a single 
injection of chalcogen precursors. 
 
Adjusting the S:Se ratio provides another method to tune the emission 
spectrum. However, adjusting the S:Se ratio impacts the final nanocrystal product 
color by changing both number and composition in sometimes counterintuitive 
ways (Figure 3.5.13). For example, as the amount of sulfur precursor is increased 
and the amount of selenium precursor injected is decreased, the particle should 
blue shift because CdS has a higher energy band gap than CdSe. However, 
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changing the S:Se precursor ratio also changes the number of particles nucleated. 
Particle number 𝑝A′C  can be modeled according to Equation 3.5.1 
𝑝A′C = 2 E𝑄𝐺HI J√1 + 4𝑎I − 12𝑎I O 
Equation 3.5.1. 
where  
E𝑄𝐺HI = 𝑥 E𝑄𝐺HQ8R + (1 − 𝑥) E𝑄𝐺HQ8RS  
Equation 3.5.2. 
and (𝑎)I = 𝑥(𝑎)Q8R + (1 − 𝑥)(𝑎)Q8RS  
Equation 3.5.3. 
and Q is the solute supply rate per volume, G is the growth rate in solutes attached 
per time nucleus, x is the fraction of sulfur precursor injected, and a is a constant 
dependent on Q and G but expected to be a very small number.72 Equation 3.5.2 
suggests that in reactions involving a simultaneous injection of sulfur and 
selenium precursors, decreasing the concentration of whichever semiconductor 
has a higher Q/G will decrease the particle number which in turn increases particle 
size. For a single precursor, it is experimentally observed that lowering the 
equivalents of precursor injected has a linear relationship to the number of 
particles nucleated (Figure 3.5.14).  
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Figure 3.5.13. Changing the S:Se ratio in one-pot core/shell reactions 
impacts both composition and particle number, causing the nanocrystal 
reaction to redshift or blueshift in ways that sometimes oppose each other. 
 
 
Figure 3.5.14. Selenourea Se(SIPh2) concentration dependence on A) 
particle number and B) kr. 
 
Thus, as the number of cores decreases when increasing S:Se ratio for kS << 
kSe, the particles should grow larger and red shift the particle emission. On the 
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other hand, when kS = kSe or kS >> kSe, an increase in the S:Se ratio should increase 
the number of particles nucleated and blue shift the particle emission in an effect 
cooperative with composition effects (Figure 3.5.15 and Figure 3.5.16). 
Interestingly, the number of particles nucleated for sulfur precursors is 
approximately 2x higher than the number of particles nucleated for selenium 
precursors at any given krel with the notable exception of Se(SIPh2) (Figure 3.4.5). 
This is likely due to differences in CdS and CdSe growth rates as illustrated by the 
krel vs. particle # plot (Figure 3.4.5) whose slopes are proportional to 2/G.72  
 
 
Figure 3.5.15. UV-vis and fluorescence spectra of CdS, CdS0.75Se0.25, 




Figure 3.5.16. Color tunability of CdS/CdSe core/shell nanocrystals can also 
be accomplished by changing the ratios of N-hexyl, N’-dodecyl thiourea 
and Se(SIEt2). 
 
We predict the particle numbers for alloys of varying composition will lie 
between that of the 100% sulfur and 100% selenium precursor reactions. In order 
to test this, pairs of precursors with nearly matched conversion reactivity (N-
methyl, N,N’-diphenyl thiourea and Se(SIPh2)) were used to prepare alloys over 
a range of Se:S ratios (Figure 3.5.15). These conditions provide a wide range of 
emission colors spanning the blue-green region of the spectrum in this case. Our 
hypothesis is supported by changes in alloyed nanocrystal size observed by 
preliminary pair distribution function analysis experiments.  
Adding additional complexity, more than two precursors may also be used 
to push the accessible color range out to 499 nm in emission energy (Figure 3.5.10). 
Conditions for accessing these CdSe/CdS, CdS/CdSe, and CdSxSe1-x nanocrystals 
are described in detail in the experimental (Sections 3.10.13, 3.10.14, and 3.10.15). 
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3.6. Synthetic Challenges 
3.6.1. Heterogeneity in the Nucleation of CdSe 
Although the precursor combinations described above provide access to a 
wide range of architectures and emission wavelengths, many combinations 
attempted result in heterogeneous products. Issues with (1) the nucleation of 
CdSe, (2) homogeneous nucleation of the shell material and (3) crystallization 
issues under low solute supply rates were all documented. In the first case, we 
observe that the nucleation of CdSe is sensitive to the total reaction concentration 
and to the presence of added carboxylic acid. At 10 mM Se(SIEt2) produces a single 
population of emitters, while cutting the chalcogen concentration in half produces 
a second population of emitters (Figure 3.6.1). Although the origin of these effects 
is unclear, heterogeneity can be avoided by optimizing the selenourea 
concentration for each precursor. Addition of a slow reacting thiourea to deposit 
a shell still results in the appearance of two populations of emitters (Figure 3.6.2A). 
The concentration of acid also impacts the nucleation of CdSe and can be used to 
reduce the presence of multiple populations of emitters (Figure 3.6.2B).  
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Figure 3.6.1. Fluorescence spectra of a CdSe nanocrystal reaction shows one 
population of emitters for a selone run at 10 mM, whereas 5 mM in selone 





Figure 3.6.2. A) Sulfur to selenium precursor ratio dependence on the 
appearance of a second population of emitters in the nanocrystal 
fluorescence spectra and B) acid dependence on the appearance of the 
second population of emitters. 
 
While nucleation of CdSe proved complicated under our standard 
conditions, reactions that nucleate CdS routinely produce single populations of 
emitters with a narrow FWHM. For reasons yet unclear, the CdS nucleation is 
remarkably robust across 0.1-1 eq. of thiourea and 0-10 eq. of oleic acid.7 Thus, 
from our methods, we favor the synthesis of CdS/CdSe/CdS quantum wells that 
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rely on CdS nucleation in lieu of CdSe/CdS particles that rely on often problematic 
CdSe nucleation.  
3.6.2. Homogeneous Nucleation of Shell Material 
Nucleation of a second population of shell material was observed in both 
CdSe/CdS and CdS/CdSe core/shell reactions (Figure 3.6.3). Preventing nucleation 
of this type of impurity is controlled by the relationship between solute supply 
rate which is equal to kr*[chalcogen], the number of nanocrystals nucleated, and 
shell material growth rates (G) at a given set of reaction conditions. Homogeneous 
nucleation of a second population of shell material results from supersaturation of 
solute units because (1) the solute supply rate is too high, (2) there are not enough 
cores to grow onto, and/or (3) the inherent material growth rate is too slow. 
Previous studies have shown that material growth rates can be increased by the 
addition of acid.11 While this is an effective way to shut down nucleation of shell 
precursors, here, we seek to control its appearance by controlling (1) solute supply 
rate and (2) particle number.  
 152 
 
Figure 3.6.3. Example UV-vis and fluorescence spectra of observed 
homogeneous nucleation of shell material in A) CdSe/CdS and B) CdS/CdSe 
one-pot core/shell reactions. 
 
We demonstrate suppression of CdS nucleation in a typical CdSe/CdS 
core/shell system. When 0.1 eq. of N-butyl, N’-pyrrolidine selenourea is combined 
with 0.9 eq. of tetramethylthiourea, there is nucleation of a second population of 
CdS nanocrystals (Figure 3.6.4A). Because solute supply rate depends on 
[thiourea]*kr, lowering the solute supply rate can be accomplished by decreasing 
the concentration of tetramethylthiourea to 0.4 eq. OR switching to a precursor 
with a slower kr such as S(SIMe2). Both of these methods are successful in 
eliminating the nucleation of a second population (Figure 3.6.4A). Both of these 
changes do impact the final nanocrystal product; we observe that adding fewer eq. 
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of tetramethylthiourea leads to a blue shifted spectrum because the CdS shell is 
thinner. Additionally, the reaction with S(SIMe2) also takes longer to reach 
completion due to slower kinetics. Nevertheless, this example successfully 
illustrates how to avoid nucleation of shell precursors by considering solute 







Figure 3.6.4. UV-vis and fluorescence data of A) growing a CdS shell on 
CdSe nuclei results in a second population of CdS nanocrystals for 0.9 eq. 
of tetramethylthiourea. Adding fewer eq. of tetramethyl thiourea (0.4 eq.) 
or swapping to a slower precursor such as S(SIMe2) reduces the appearance 
of the second population. B) UV-vis and fluorescence data depicting CdSe 
nucleation when S:Se ratios are 0.1:0.9. The second population of 
nanocrystals is eliminated by switching to a higher ratio. 
 
Increasing the number of cores nucleated can also suppress nucleation of a 
second population of CdSe in a CdS/CdSe core/shell system. When 0.1 eq. of N-
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hexyl, N’-dodecyl thiourea are injected with 0.9 eq. of Se(SIiPr2), we observe 
nucleation of CdSe nanocrystals. Upon increasing the number of CdS cores in the 
reaction by changing the sulfur to selenium ratio to 0.2 eq. S : 0.9 eq. Se, we see that 
the second population of particles is eliminated (Figure 3.6.4B). 
Further studies must be performed to rigorously explore the conditions that 
cause nucleation of shell precursors. We believe that this behavior may be 
precursor class dependent; we observe precursor structure dependent nucleation 
behavior between tetrasubstituted cyclic imidazolidine selones and 
tetrahydropyrimidine selones (Figure 3.4.6). 
3.6.3. Issues Growing Large Structures via Kinetic Control 
While alloy and core/shell nanocrystals with a small diameter (d < 3 nm) are 
reproducibly obtained under our conditions, larger structures are more difficult to 
synthesize. Often, multiple populations of emitters appear and anisotropic growth 
is observed (Figure 3.5.8, Figure 3.6.5, and Figure 3.6.6). Here we observe that the 
shell does not grow isotropically around the core. This is consistent with EELS 




Figure 3.6.5. A) Precursor conversion rates for three matched pairs of 






Figure 3.6.6. Reaction scheme and UV-vis/fluorescence spectra of a reaction 
to make medium sized CdS/CdSe core/shell nanocrystals that shows broad 
absorbance and fluorescence spectra. 
 
3.7. Syringe Pump Shelling Method, to Access Thick CdS Shells  
In order to get around the kinetic limitations of growing thick outer CdS 
shells where the shell material comprises > 95% of the final particle material, we 
developed two syringe pump shelling methods. The low reactivity of our 
precursors at room temperature allows tetramethylthiourea and cadmium oleate 
to be mixed at room temperature and added via syringe pump. Dropwise addition 
of this mixture into crude CdS/CdSe synthesis mixtures produces CdS shells up to 
6 nm in diameter. Beyond this diameter the nanocrystals become insoluble. To 
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achieve thicker shells, trioctylphosphine and 2-hexyldecanoic acid are added to 
the shelling solution and the temperature increased to 290 °C (Figure 3.7.1). We 
select an injection speed based on the number of nanocrystals present in the 
shelling reaction. If the number of seeds is too low then shell precursors will 
supersaturate and nucleate a separate population of nanocrystals.  
 
Figure 3.7.1. A) Synthetic scheme for the syringe pump injection of CdS 
precursors to grow thick outer shells. B) UV-vis and fluorescence spectra of 
CdS/CdSe/CdS SQWs synthesized using a one-pot core/shell reaction to 
form a CdS/CdSe nanocrystal and shelled further with CdS using a slow 
syringe pump method. Resulting nanocrystals exhibit high PLQY over a 
range of colors from green to red. 
 
With this method, we can grow CdS/CdSe/CdS spherical quantum wells 
(SQWs)22 with facile color tunability and high PLQY in a single pot. Incidentally, 
we can grow CdS/CdSe/CdS with a single injection of three chalcogen precursors, 
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but this approach is limited by constraints previously described (Figure 3.7.2). 
Additionally, upon elemental characterization of SQWs made via method 2 
(Section 3.10.17.2), we observe that the CdSe region is off-centered, much like the 
CdSe/CdS core/shell (Figure 3.7.3). Nevertheless, these materials possess high 
PLQYs and are synthesized completely in one-pot avoiding the need for 
intermediate purification steps. 
 
 
Figure 3.7.2. A) One pot/single precursor injection synthesis of 
CdS/CdSe/CdS. B) The reaction of cyclic thione and selenone precursors can 
be monitored by 1H NMR and C) quantified. D) UV-vis and fluorescence 




Figure 3.7.3. Elemental mapping of a CdS/CdSe/CdS nanocrystal with an 
outer shell grown via Method 2 (Section 3.10.17.2) shows the distribution of 
Se located anisotropically near a tip of the nanocrystals. 
3.8. Extinction Coefficient Determination for CdS-CdSe Composites 
To use CdS-CdSe composite nanocrystals in concentration dependent 
studies, it is useful to quantify the particle concentration via UV-vis. However, the 
extinction coefficients of CdS-CdSe composites are not well defined, despite 
numerous thorough investigations of core and shell layer thicknesses on optical 
spectra.21 Although the intrinsic absorption coefficient has been determined 
experimentally for CdSe,74 PbS,75 PbSe76 and CsPbBr3 NCs,77 this is not as 
straightforward for core-shell nanocrystals78 and the yield of such syntheses has 
been monitored by theoretical values determined from the bulk dielectric 
function.79 Here, we calculate the intrinsic absorption coefficient of CdS-CdSe 
composites using the intrinsic absorption coefficients of CdS and CdSe (Section 
3.10.18). Indeed, for two materials with relatively similar optical constants, the 
intrinsic absorption coefficient of the core-shell nanocrystals 𝜇7_"V  has been 
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approximated as a volume-weighted average of the intrinsic absorption coefficient 
of core 𝜇7_"	and shell 𝜇7_	V.80 𝜇7_"V = 	𝜙"𝜇7_" +	𝜙V𝜇7_	V	 
Equation 3.8.1. 
We estimate the molar ratio of core and shell material using the amount of 
selenoureas and thioureas initially injected and convert it to a volume fraction 
using the molar volume of CdSe and CdS. This is a reasonable estimate since the 
selenoureas and thioureas convert quantitatively to semiconductor. As such, we 
calculate the intrinsic absorption coefficient of various heterostructures. The 
intrinsic absorption coefficient can be converted to a molar extinction coefficient 
via 
𝜀 = 	 𝑁Z𝑉\Qln 10 × 10ab 𝜇7 
Equation 3.8.2. 
with NA being Avogradro’s number, VNC the volume of one nanocrystal in nm³ 
and ε in cm-1 M-1 (Table 3.8.1).  Together with the quantification of the bound oleate 
concentration via NMR, we were able to calculate ligand densities of 3.7 nm-2 for 
5.4 nm CdS/CdSe/CdS quantum wells (Section 3.10.18). The excellent agreement 
of the ligand density with previous reported surface coverages for single 
component nanocrystals supports the accurateness of both the UV-vis and the 
NMR quantification. 
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5.4 543 0.952 1.41 x 105 3.04 x 106 
6.1 589 0.867 1.44 x 105 4.48 x 106 
10.9 611 0.955 1.41 x 105 2.50 x 106 
 
3.9. Summary 
We report the synthesis of new cyclic thione and selone precursors 
possessing appropriate reaction rates with cadmium oleate at 240 °C. These new 
chalcogen precursors expand our kinetic control over precursor conversion to 
span five orders of magnitude. Here we use kinetic control to synthesize 
CdS/CdSe, CdSxSe1-x alloys, and CdSe/CdS core/shell nanocrystals in a single hot 
injection. Towards further characterization of small cadmium chalcogenide 
nanocrystals of mixed composition, known precursor conversion kinetics can 
provide additional insight into the elemental composition. Inherent limitations of 
kinetic control require the synthesis of thick outer CdS shells with a syringe pump. 
We obtain color control and high PLQY of CdSe/CdS and CdS/CdSe/CdS particles 
synthesized via this method. 
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3.10. Experimental Details 
3.10.1. General Methods 
 All manipulations were performed in air unless otherwise indicated. 
3.10.2. Chemicals 
 Toluene (99.5%), methyl acetate (99%), ethyl acetate (≥99.8%), benzene 
(99.8%), hexanes (98.5%), methanol (99.8%), ethanol (≥99.8%), dichloromethane 
(≥99.5%), chloroform (≥99.8%), acetone (≥99.8%), acetonitrile (99.5%), cadmium 
nitrate tetrahydrate (98%), sodium hydroxide (≥98%), sodium bicarbonate 
(≥99.7%), hydrochloric acid (37%), sodium chloride (≥99%), sodium sulfate (≥99%), 
tetramethylthiourea (98%), phenyl isothiocyanate (98%), pyrrolidine (99%), 
dimethyl terepthalate (≥99.0%), triethyl orthoformate (98%), trifluoroacetic 
anhydride (≥99%), trifluoroacetic acid (99%), Selenium powder ~100 mesh 
(99.99%), and trioctylphosphine (97%) were obtained from Sigma Aldrich and 
used without further purification. Oleic acid (99%) and 1,1’-
thiocarbonyldiimidazole (≥95.0% or 90%) were obtained from either Sigma 
Aldrich or Alfa Aesar and used without further purification. Diphenyl ether (99%), 
1-octadecene (90%), hexadecane (99%), and tetraethylene glycol dimethyl ether 
(“tetraglyme” ≥99%) were obtained from Sigma Aldrich, stirred with calcium 
hydride overnight, and distilled prior to use. 2-hexyldecanoic acid (96%) was 
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obtained from Sigma Aldrich, stirred with sodium sulfate overnight, and distilled 
prior to use. Chloroform-d (99.8%), benzene-d6 (99.5%), and methylene chloride-d2 
(99.8%) were obtained from Cambridge Isotopes and used without further 
purification. Cadmium oxide (99.99%) was obtained from Strem and used without 
further purification. N-Methylethylenediamine (95%), N-
isopropylethylenediamine (98%), N,N’-Dimethylethylenediamine (99%), N,N’-
Diphenyl ethylenediamine (98%), N,N’-Diisopropylethylenediamine (99%), N-
Methyl-1,3-propanediamine (98%), N-isopropyl-1,3-propanediamine (95%), N,N′-
Dimethyl-1,3-propanediamine (97%), N,N′-Diethyl-1,3-propanediamine (97%), 
and N,N′-Diisopropyl-1,3-propanediamine (96%) were obtained from Sigma 
Aldrich and used without further purification. N-Ethylethylenediamine (98%), 
and N,N’-Diethylethylenediamine (96%) were obtained from Alfa Aesar and used 
without further purification. N-phenylethylenediamine (98% or 99%) was 
obtained from either Sigma Aldrich or Acros Organics and used without further 
purification. Column Chromatography was performed with 40-63 µm Silica Gel 
(230-400 mesh).  
3.10.3. Instrumentation 
UV-vis spectra were obtained using a Perkin-Elmer Lambda 950 
spectrophotometer equipped with deuterium and halogen lamps. 
Photoluminescence measurements were performed using a Fluoromax 4 from 
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Horiba Scientific, and photoluminescence quantum yields were determined using 
a quanta-phi integrating sphere accessory according to a previously described 
procedure.81 Powder X-ray diffraction (XRD) was measured on a PANalytical 
X’Pert Powder X-ray diffractometer. Transmission electron microscopy (TEM) was 
performed on a FEI T12 BioTWIN and a FEI Talos F200X. Scanning transmission 
electron microscopy (STEM and EDX) was performed on a FEI Talos F200X. 
3.10.4. Cadmium Oleate Synthesis 
Cadmium oxide (99.99%) (9.5 g, 74 mmol, 1 eq.) and acetonitrile (95 mL) are 
stirred at room temperature. Trifluoroacetic acid (1.6 mL, 20.9 mmol, 0.28 eq.) and 
trifluoroacetic anhydride (11 mL, 79 mmol, 1.1 eq.) are added slowly and stirred 
for one hour. The cadmium oxide fully dissolves, yielding a clear colorless 
solution. To a 4 L Erlenmeyer flask, oleic acid (46.7 mL, 148 mmol, 2 eq.), 
dichloromethane (740 mL), and triethylamine (26.3 mL, 188.7 mmol, 2.55 eq.) are 
added. The cadmium trifluoroacetate solution is then added dropwise to the oleic 
acid solution with stirring. An additional 600 mL of acetonitrile are added 
resulting in the formation of a white precipitate. The mixture is heated to 60 °C in 
order to dissolve the precipitate, and the flask is slowly cooled to room 
temperature and then put in a -22 °C freezer. The resulting white powder is 
isolated by vacuum filtration and washing with 1 L acetonitrile, being careful to 
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thoroughly stir the slurry and break up large chunks. The product is dried under 
vacuum to yield a fine white powder. Typical yields are 49 g (98%). 
3.10.5. Tetrasubstituted, Trisubstituted, and Disubstituted Thiourea and Selenourea 
Synthesis 
These compounds were prepared as described previously.5-7 
3.10.6. Imidazolidine and Tetrahydropyrimidine Thione Synthesis 
N,N’-dialkyl- and N,N’-diarylsubstituted imidazolidine thiones are 
prepared from 1,1’-thiocarbonyldiimidazole and the corresponding N,N’-
substituted ethylenediamines. The reaction with alkyl-substituted diamines 
proceeds rapidly at room temperature with the evolution of heat, while the less 
nucleophilic N,N’-diarylethylenediamines convert over the course of an hour at 70 
˚C. 
3.10.6.1. Example Synthesis of Mono-Aryl Imidazolidine Thiones: 1-phenylimidazolidine-
2-thione (S(SIPh)) 
1,1’-Thiocarbonyldiimidazole (1.09 g, 1.1 eq, 6.14 mmol) was dissolved in 
10 mL of ethyl acetate. N-phenylethylenediamine (0.760 g, 1 eq, 5.58 mmol) was 
added dropwise to the solution. The solution was heated to 70 °C and reacted for 
1 hour. After cooling, the resulting precipitate is collected via filtration and washed 
with hexanes to yield 0.905 g (91%) of S(SIPh). The product was further purified 
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by recrystallization from ethyl acetate and hexanes to produce off-white crystals. 
Recrystallized yield: 0.835 g (84%). 
3.10.6.2. Example Synthesis of Mono-Alkyl Imidazolidine Thiones and 
Tetrahydropyrimidine Thiones: 1-methylimidazolidine-2-thione (S(SIPh)) 
N-methyl-ethylenediamine (1.22 g, 1 eq, 16.4 mmol) was dissolved in 100 
mL of ethyl acetate. A suspension of 1,1’-thiocarbonyldiimidazole (3.23 g, 1.1 eq, 
18.1 mmol) in 100 mL of ethyl acetate was added to the diamine solution slowly 
over the course of 10 minutes. The mixture was allowed to stir at room 
temperature for 1 hour. The reaction solution was gravity filtered to remove a red 
precipitate, and the filtrate was evaporated to produce an orange solid. This solid 
was dissolved in a minimal amount of dichloromethane and was loaded onto a 
column where product was eluted out with ethyl acetate. The fractions were 
consolidated and evaporated to yield S(SIMe) as white crystals.  
3.10.6.3. Example Synthesis of Di-Aryl Imidazolidine Thiones: 1,3-
diphenylimidazolidine-2-thione (S(SIPh2)) 
1,1’-Thiocarbonyldiimidazole (1.09 g, 1.1 eq, 6.14 mmol) was dissolved in 
10 mL of ethyl acetate. N,N’-diphenylethylenediamine (1.19 g, 1 eq, 5.58 mmol) 
was added dropwise to the solution. The solution was heated to 70  °C and reacted 
for 1 hour. After cooling, the resulting precipitate is collected via filtration and 
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washed with hexanes to yield 1.20 g (85%) of S(SIPh2). The product was further 
purified by recrystallization from ethyl acetate and hexanes to produce pale off-
white crystals. 
3.10.6.4. Example Synthesis of Di-Alkyl Imidazolidine Thiones: 1,3-
dimethylimidazolidine-2-thione (S(SIMe2)) 
1,1’-Thiocarbonyldiimidazole (1.09,g, 1.1 eq, 6.14 mmol) was dissolved in 
10 mL of ethyl acetate. N,N’-dimethylethylenediamine (0.492 g, 1 eq, 5.58 mmol) 
was added dropwise to the solution, producing heat. The reaction was extracted 
with 10% HCl (10 mL), saturated NaHCO3 (10 mL), and then dried over Na2SO4. 
The resulting solution was evaporated to yield 0.56 g (77%) of S(SIMe2) as a pale 
off white powder. The product was further purified by recrystallization from ethyl 
acetate and hexanes to produce colorless crystals of S(SIMe2). 
3.10.7. Imidazolidine and Tetrahydropyrimidine Selenone Synthesis 
Adapting a procedure from Zhou et. al.,63 selenium (97.5 mmol), triethyl 
orthoformate (195 mmol), and diamine (97.5 mmol) were added to a Straus tube 
equipped with a distillation apparatus. The reaction mixture was degassed by the 
freeze-pump-thaw method, placed under an argon atmosphere, and heated to 130 
°C with stirring for 8 hours. Over this period, the selenium dissolved and a small 
amount of liquid condensed in the receiving flask. The reaction mixture was then 
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allowed to cool to room temperature and the triethyl orthoformate was evaporated 
off. The remaining solid was dissolved in dichloromethane in air, filtered through 
celite, and was recrystallized once outside of the glovebox in dichloromethane. 
The resulting solid residue was brought into a nitrogen-filled glove box, where it 
was dissolved in acetonitrile and syringe filtered (PTFE, 0.2 µm), and then purified 
by recrystallization from acetonitrile. The container was stored in a –40 °C freezer 
for > 2 hours to precipitate product. The resulting solid was isolated by suction 
filtration using a glass fritted funnel and washing thoroughly with pentane, and 
then dried under vacuum for > 6 hours. 
3.10.7.1. Example Synthesis: 1,3-diethylimidazolidine-2-selenone (Se(SIEt2)) 
1,3-Diethylimidazolidine-2-selenone was prepared according to the general 
procedure from N,N’-diethylethylenediamine (11.330 g, 13.97 mL, 97.5 mmol), 
selenium (7.699 g, 97.5 mmol), and triethyl orthoformate (28.899 g, 32.43 mL, 195 
mmol). 
3.10.8. Kinetics Modeling 
Our nanoparticle composition modeling is based on a kinetic scheme where 
selenium and sulfur precursors simultaneously react with cadmium precursors 
that form nuclei which grow larger through the co-deposition of CdSe and CdS. 
According to previous experimental observations, the growth of our nanocrystals 
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can be fit well to first order reaction kinetics, where the reaction of the chalcogen 
precursors to form soluble solute is the rate-limiting step: 
𝐶𝑑𝑋a 					+					𝑆𝑒 − 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟					 0egst					[𝐶𝑑𝑆𝑒]7	𝑆 − 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟						 0egst						[𝐶𝑑𝑆]7	 					→ 					𝐶𝑑𝑆+𝑆𝑒v/+	𝑛𝑎𝑛𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙 
Equation 3.10.1. 
The rate equations are written as: 𝑑[𝐶𝑑𝑆𝑒]𝑑𝑡 = −𝑑[𝑆𝑒]𝑑𝑡 = 𝑘RS ∙ [𝑆𝑒] 
Equation 3.10.2. 
 𝑑[𝐶𝑑𝑆]𝑑𝑡 = −𝑑[𝑆]𝑑𝑡 = 𝑘R ∙ [𝑆] 
Equation 3.10.3. 
where [𝐶𝑑𝑆𝑒], [𝐶𝑑𝑆], [𝑆𝑒] and [𝑆] are the concentrations of crystalized CdSe and 
CdS, selenium and sulfur precursors, respectively, and 𝑘RS  and 𝑘R  are the first 
order rate constants of selenium and sulfur precursors. 
Based on the Sugimoto nucleation model, the number of nuclei at the end 
of the reaction (𝑛C) is proportional to the initial monomer generation rate, which 
is consistent with previous experiments. In our case, 𝑛C is given by: 𝑛C = 𝐴 ∙ (𝑘RS ∙ [𝑆𝑒]z 	+ 	𝑘R ∙ [𝑆]z) 
 Equation 3.10.4. 
where [𝑆𝑒]z and [𝑆]z are the initial precursor concentrations, and 𝐴 is a constant 
that can be experimentally determined. 
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Assuming the nucleation happens instantly in the beginning of the reaction 
and the number of nuclei stays constant throughout the reaction, we can calculate 
the size evolution of the particle based on: 𝑑𝑉{|𝑑𝑡 = (𝑑[𝐶𝑑𝑆𝑒]𝑑𝑡 ∙ 𝑉),Q8RS + 𝑑[𝐶𝑑𝑆]𝑑𝑡 ∙ 𝑉),Q8R) ∙ 𝑉~S*"27#$/𝑛C 
Equation 3.10.5. 
where 𝑉),Q8RS  and 𝑉),Q8R are the molar volume of CdSe and CdS, respectively, 𝑉{|  
is the volume of each QD, and 𝑉~S*"27#$  is the volume of the reaction solution. 
Solving this differential equation gives the time evolution of the volume of the QD, 𝑉{|(𝑡). Assuming the particle is spherical in shape, the radius evolution with time, 
RQD(t), can be calculated. 
Meanwhile, the local composition (molar percentage of CdSe in CdE) at the 
surface of the particle at time t can be calculated by: 
𝐶𝑑𝑆𝑒%(𝑡) = 	 𝑘RS ∙ [𝐶𝑑𝑆𝑒](𝑡)𝑘RS ∙ [𝐶𝑑𝑆𝑒](𝑡) +	𝑘R ∙ [𝐶𝑑𝑆](𝑡) ∙ 100% 
Equation 3.10.6. 
Now, the radial elemental profile within a particle can be presented by CdSe% 
versus RQD. 
3.10.9. General Synthesis of CdS, CdSe, and CdSe1-xSx Nanocrystals 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.18 mmol, 0.122 g), 1-octadecene (14.25 mL, 11.2 g, 44.4 
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mmol), and oleic acid (0.102 g, 0.114 mL, 0.36 mmol,). A 4mL vial is filled with the 
desired sulfur and/or selenium precursor (0.15 mmol) and diphenyl ether or 
tetraglyme (0.75 mL, 0.75 g). Most compounds are more soluble in tetraglyme, 
however diphenyl ether is necessary to monitor reactions by 1H NMR 
spectroscopy in the 3-4 ppm range. The three-neck round bottom flask is 
transferred to a Schlenk line and heated to 240 °C under Ar. The sulfur and/or 
selenium precursor solution is then injected into the cadmium oleate solution and 
left to react for the appropriate time. The resulting nanocrystals were isolated from 
the reaction mixture by precipitation with acetone and centrifugation. The yellow 
residue is redispersed in hexane (10 mL) and acetone (5–10 mL) is added in 0.5mL 
portions to precipitate cadmium oleate, without precipitating the nanocrystals. 
This solution was centrifuged. The supernatant was collected and the nanocrystals 
precipitated with the addition of 25 mL of acetone. The nanocrystals were washed 
three additional times with toluene/methyl acetate. 
3.10.10. Nanocrystal Formation Kinetics via Absorption Spectra 
Quantitative aliquots of approximately 0.1 mL were taken from a CdS or 
CdSe nanocrystal reaction and deposited into a previously weighed vial. A mass 
of toluene equal to 2.5x the weight of the aliquot was added to the vial to 
standardize aliquot concentration. UV-vis absorption spectra were taken of each 
aliquot and the concentration of cadmium chalcogenide in the aliquot was 
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calculated from the size dependent extinction coefficient at the first excitonic 
absorption maximum for CdS7 or the size independent absorption coefficient of 
CdSe at 350 nm.68 The kinetics collected from each method was fit to a first order 
fit whose rate constant is reported in Figure 3.4.3 and Table 3.4.1. Induction delays 
are obtained via this method and are reported in Figure 3.4.7. 
3.10.11. Precursor Conversion Kinetics via 1H NMR 
Quantitative aliquots of 200 µL were taken from a CdS, CdSe, or mixed 
precursor reaction and diluted with 300 µL of CD2Cl2 and 100µL of a 22.4 mM 
solution of dimethyl terephthalate dissolved in CD2Cl2. Quantitative 1H NMR 
spectra were collected with a relaxation delay time of 30 s. Diphenyl ether must be 
used as the injection solvent instead of tetraglyme in order to monitor precursor 
disappearance kinetics between 3.0-4.5 ppm. Precursor disappearance was 
quantified based on integrating against the dimethyl terephthalate internal 
standard and compared with the appearance of nanocrystal as determined by UV-
vis absorbance spectra. 
3.10.12. Determination of Number of Nanocrystals Nucleated 
Reaction aliquots were analyzed by UV-vis. The percent conversion of 
precursor was determined from the concentration of CdSe, which was found by 
using the size-independent extinction coefficient of CdSe at 350 nm.68 The λmax was 
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selected at maximum conversion and was used to find the particle diameter, from 
which the total number of moles of CdSe per particle was calculated. The product 
of percent conversion and the total number of moles of precursor injected divided 
by the calculated number of moles of CdSe per particle yields the total number of 
particles. 
3.10.13. CdSe/CdS Nanocrystal Synthesis 
3.10.13.1. Emission = 514 nm 
A three-neck round bottom flask is loaded with cadmium oleate (0.9 mmol, 
0.608 g), 1-octadecene (148 mL), and oleic acid (0.508 g, 1.14 mL, 1.8 mmol) and 
degassed on a Schlenk line. In a nitrogen filled glovebox, a 4  mL vial is filled with 
N-butyl, N’-pyrrolidine selenourea (0.075 mmol, 0.0174 g), tetramethylthiourea 
(0.3 mmol, 0.030 g) and diphenyl ether (2.0 mL, 2.0 g). The three-neck round 
bottom flask is heated to 240 °C under Ar. The chalcogen precursor solution is 
injected into the cadmium oleate solution and reacted for 2 hours. Upon 
completion of the reaction, 1-octadecene may be distilled off in vacuo to reduce the 
reaction volume and facilitate cleaning. The resulting nanocrystals are isolated 
from the reaction mixture by precipitation and centrifugation as described above. 
This reaction is run at a lower concentration than standard conditions to prevent 
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mixing limited kinetics of the selenourea. This reaction does not scale to larger 
volumes particularly well due to fast selenourea conversion kinetics. 
3.10.13.2. Emission = 622 nm 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.18 mmol, 0.122 g), 1-octadecene (14.25 mL), and oleic acid 
(0.102 g, 0.114 mL, 0.36 mmol). A 4 mL vial is filled with Se(SIt-Bu2) (0.05 mmol, 
0.013 g), S(SIMe2) (0.1 mmol, 0.013 g) and diphenyl ether (0.75 mL, 0.75 g). The 
three-neck round bottom flask is transferred to a Schlenk line and heated to 240 °C 
under Ar. The chalcogen precursor solution is injected into the cadmium oleate 
solution and reacted for 8 hours. The resulting nanocrystals are isolated from the 
reaction mixture by precipitation and centrifugation as described above. 
3.10.14. CdS/CdSe Nanocrystal Synthesis 
3.10.14.1. Emission = 472 nm 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.18 mmol, 0.122 g), 1-octadecene (14.25 mL), and oleic acid 
(0.102 g, 0.114 mL, 0.36 mmol). A 4 mL vial is filled with N-hexyl, N’-dodecyl 
thiourea (0.075 mmol, 0.025 g), Se(SIEt2) (0.075 mmol, 0.015 g) and tetraglyme (0.75 
mL, 0.75 g). The three-neck round bottom flask is transferred to a Schlenk line and 
heated to 240 °C under Ar. The chalcogen precursor solution is injected into the 
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cadmium oleate solution and reacted for 1 hour. The resulting nanocrystals are 
isolated from the reaction mixture by precipitation and centrifugation as described 
above. 
3.10.14.2. Emission = 513 nm 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.12 mmol, 0.081 g), 1-octadecene (9.5 mL), and oleic acid 
(0.068 g, 0.076 mL, 0.24 mmol). A 4 mL vial is filled with N-hexyl, N’-dodecyl 
thiourea (0.02 mmol, 0.0066 g), Se(SIEt2) (0.08 mmol, 0.0164 g) and tetraglyme (0.5 
mL, 0.5 g). The three-neck round bottom flask is transferred to a Schlenk line and 
heated to 240 °C under Ar. The chalcogen precursor solution is injected into the 
cadmium oleate solution and reacted for 1 hour. The resulting nanocrystals are 
isolated from the reaction mixture by precipitation and centrifugation as described 
above. 
3.10.14.3. Emission = 544 nm 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.12 mmol, 0.081 g), 1-octadecene (9.5 mL), and oleic acid 
(0.068 g, 0.076 mL, 0.24 mmol). A 4 mL vial is filled with N-hexyl, N’-dodecyl 
thiourea (0.02 mmol, 0.0066 g), Se(SIiPr2) (0.09 mmol, 0.021 g) and tetraglyme (0.5 
mL, 0.5 g). The three-neck round bottom flask is transferred to a Schlenk line and 
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heated to 240 °C under Ar. The chalcogen precursor solution is injected into the 
cadmium oleate solution and reacted for 9.5 hours. The resulting nanocrystals are 
isolated from the reaction mixture by precipitation and centrifugation as described 
above. 
3.10.14.4. CdS/CdSe With Larger CdS Core 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.18 mmol, 0.122 g), octadecene (14.25 mL), and oleic acid 
(0.102 g, 0.114 mL, 0.36 mmol). A 4 mL vial is filled with N-methyl, N,N’-diphenyl 
thiourea (0.0375 mmol, 0.009 g), Se(SIiPr2) (0.1125 mmol, 0.026 g) and diphenyl 
ether (0.75 mL, 0.75 g). N-methyl, N,N’-diphenyl thiourea has slower conversion 
kinetics than N-hexyl, N’-dodecyl thiourea which is typically used for CdS/CdSe 
core/shell reactions and should nucleate a CdS larger core. The three-neck round 
bottom flask is transferred to a Schlenk line and heated to 240 °C under Ar. The 
chalcogen precursor solution is injected into the cadmium oleate solution and 
reacted for 9.5 hours. The resulting nanocrystals are isolated from the reaction 
mixture by precipitation and centrifugation as described above. 
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3.10.15. Alloy Nanocrystal Synthesis 
3.10.15.1. D = 2.5 nm CdSxSe1-x Alloy Nanocrystal Synthesis 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.18 mmol, 0.122 g), 1-octadecene (14.25 mL), and oleic acid 
(0.102 g, 0.114 mL, 0.36 mmol). A 4 mL vial is filled with N-methyl, N,N’-diphenyl 
thiourea (0.0375-0.1125 mmol, 0.009-0.027 g), Se(SIPh2) (0.0375-0.1125 mmol, 
0.011-0.034 g) and diphenyl ether (0.75 mL, 0.75 g). The three-neck round bottom 
flask is transferred to a Schlenk line and heated to 240 °C under Ar. The chalcogen 
precursor solution is injected into the cadmium oleate solution and reacted for 10 
minutes. The resulting nanocrystals are isolated from the reaction mixture by 
precipitation and centrifugation as described above. 
3.10.15.2. D = 3.7 nm CdSxSe1-x Alloy Nanocrystal Synthesis 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.18 mmol, 0.122 g), octadecene (14.25 mL), and oleic acid 
(0.102 g, 0.114 mL, 0.36 mmol). A 4 mL vial is filled with S(SIPh) (0.075 mmol, 
0.013 g), Se(SIEt2) (0.075 mmol, 0.015 g) and diphenyl ether (0.75 mL, 0.75 g). The 
three-neck round bottom flask is transferred to a Schlenk line and heated to 240 °C 
under Ar. The chalcogen precursor solution is injected into the cadmium oleate 
solution and reacted for 1 hour. The resulting nanocrystals are isolated from the 
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reaction mixture by precipitation and centrifugation as described in the 
experimental. 
3.10.15.3. D = 5.7 nm CdSxSe1-x Alloy Nanocrystal Synthesis 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.18 mmol, 0.122 g), octadecene (14.25 mL), and oleic acid 
(0.102 g, 0.114 mL, 0.36 mmol). A 4 mL vial is filled with dipyrroline thiourea (0.075 
mmol, 0.014 g), Se(SIiPr2) (0.075 mmol, 0.017 g) and diphenyl ether (0.75 mL, 0.75 
g). The three-neck round bottom flask is transferred to a Schlenk line and heated 
to 240 °C under Ar. The chalcogen precursor solution is injected into the cadmium 
oleate solution and reacted for 9.5 hours. The resulting nanocrystals are isolated 
from the reaction mixture by precipitation and centrifugation as described above. 
3.10.15.4. CdS0.5Se0.5/CdS Alloy/Shell Nanocrystal Synthesis 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.18 mmol, 0.122 g), 1-octadecene (14.25 mL), and oleic acid 
(0.102 g, 0.114 mL, 0.36 mmol). A 4 mL vial is filled with N-hexyl, N’-dodecyl 
thiourea (0.0375 mmol, 0.009 g), Se(SIPh2) (0.0375 mmol, 0.011 g), S(SIPh2) (0.075 
mmol, 0.019 g) and diphenyl ether (0.75 mL, 0.75 g). The three-neck round bottom 
flask is transferred to a Schlenk line and heated to 240 °C under Ar. The chalcogen 
precursor solution is injected into the cadmium oleate solution and reacted for 12 
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hours. The resulting nanocrystals are isolated from the reaction mixture by 
precipitation and centrifugation as described above. 
3.10.16. Shell Material Nucleation Experiments 
3.10.16.1. CdSe/CdS Shell Nucleation Experiment 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.09 mmol, 0.061 g), octadecene (14.25 mL), and oleic acid 
(0.050 g, 0.057 mL, 0.18 mmol). A 4 mL vial is filled with N-butyl, N’-pyrrolidine 
selenourea (0.0075 mmol, 0.0017 g), tetramethylthiourea or S(SIMe2) (0.03-0.0675 
mmol) and diphenyl ether (0.75 mL, 0.75 g). The three-neck round bottom flask is 
transferred to a Schlenk line and heated to 240 °C under Ar. The chalcogen 
precursor solution is injected into the cadmium oleate solution and reacted for 2-5 
hours. The resulting nanocrystals are isolated from the reaction mixture by 
precipitation and centrifugation as described in the experimental. 
3.10.16.2. CdS/CdSe Shell Nucleation Experiment 
In a nitrogen-filled glove box, a three-neck round bottom flask is loaded 
with cadmium oleate (0.06 mmol, 0.041 g), octadecene (4.75 mL), and oleic acid 
(0.034 g, 0.038 mL, 0.12 mmol). A 4 mL vial is filled with N-hexyl, N’-dodecyl 
thiourea (0.005 mmol, 0.0016 g), Se(SIiPr2) (0.045 mmol, 0.0105 g) and diphenyl 
ether (2.5 mL, 2.5 g). The three-neck round bottom flask is transferred to a Schlenk 
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line and heated to 240 °C under Ar. The chalcogen precursor solution is injected 
into the cadmium oleate solution and reacted for 9.5 hours. The resulting 
nanocrystals are isolated from the reaction mixture by precipitation and 
centrifugation as described above. 
The synthesis of the CdS/CdSe core/shell (right panel) is the CdS/CdSe 
Emission = 554 nm synthesis reported in the experimental. 
3.10.17. Syringe Pump Shelling Methods 
3.10.17.1. Syringe Pump Shelling Method 1 
3.10.17.1.1. Shelling Solution Preparation 
A solution of cadmium oleate (1.4 mmol, 0.945 g), and 1-octadecene (17.75 
mL) is prepared in a three-neck round bottom flask in a nitrogen filled glovebox. 
The solution is transferred to a Schlenk line and heated to 100°C to dissolve the 
cadmium oleate. After full dissolution, the cadmium oleate solution is cooled to 
room temperature. In a 20 mL vial in a nitrogen filled glovebox, 
tetramethylthiourea (1.4 mmol, 0.185 g) is dissolved in tetraglyme (3.51 mL, 3.51 
g). The tetramethylthiourea solution is added to the cooled cadmium oleate 
solution and mixed well to dissolve. This mixture is stable under argon at room 
temperature for at least 10 days. 
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3.10.17.1.2. Shelling Procedure 
A nanocrystal reaction such as CdS/CdSe with Emission = 472 nm is 
prepared as described above. When the reaction is nearly complete, the shelling 
solution is dripped in at a rate of 1.7 mL/hr. Once the desired volume of shell 
solution has been injected, the reaction is held at 240 °C for 30 additional minutes 
before cooling to room temperature. Note, the syringe pump addition rate is 
dependent on the number of cores present in the reaction solution to avoid 
nucleation of shell precursors. 
3.10.17.2. Syringe Pump Shelling Method 2 
3.10.17.2.1. Shelling Solution Preparation 
A solution of cadmium oleate (4.49 mmol, 3.03 g), 2-hexyldecanoic acid (4.5 
mmol, 1.32 mL, 1.155 g), trioctylphosphine (2.24 mmol, 1.0 mL, 0.83 g), and 1-
octadecene (41.25 mL) is prepared in a three-neck round bottom flask in a nitrogen 
filled glovebox. This solution may also be prepared outside of a glovebox and 
degassed on a Schlenk line. The solution is transferred to a Schlenk line and heated 
to 150°C in an oil bath to dissolve the cadmium oleate. After full dissolution, the 
cadmium oleate solution is cooled to room temperature. In a 20 mL vial in a 
nitrogen filled glovebox, tetramethylthiourea (1.5 mmol, 0.198 g) and tetraglyme 
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(2.175 mL, 2.175 g) are combined. The tetramethylthiourea solution is added to the 
cooled cadmium oleate solution and mixed well to dissolve. 
3.10.17.2.2. Shelling Procedure 
A nanocrystal reaction such as CdS/CdSe with Emission = 513 nm is 
prepared as described above. When the reaction is nearly complete, the shelling 
solution is dripped in at a rate of 7.5 mL/hr with a syringe pump. Once the first 
few drops of shelling solution hit the reaction solution, the temperature is raised 
to 290 °C and held there for the remainder of the reaction. Note, the syringe pump 
addition rate is dependent on the number of cores present in the reaction solution 
to avoid nucleation of shell precursors. 
3.10.17.3. CdS/CdSe/CdS Emission: 543 nm 
CdS/CdSe with Emission = 472 nm are prepared as described above. 21.5 
mL of shell precursor solution are prepared and injected via method 1 at a rate of 
1.7 mL/hr keeping the temperature constant at 240 °C. Once the injection is 
finished, the reaction is held at the reaction temperature for an additional 30 
minutes before cooling. The resulting nanocrystals are isolated from the reaction 
mixture by precipitation and centrifugation as described above. 
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3.10.17.4. CdS/CdSe/CdS Emission: 589 nm 
CdS/CdSe with Emission = 513 nm are prepared as described above but on 
a 2x scale. 46 mL of shell precursor solution are prepared and injected via method 
2 at a rate of 7.5 mL/hr. Once the injection finished, the reaction is held at the 
reaction temperature for an additional 30 minutes before cooling. The resulting 
nanocrystals are isolated from the reaction mixture by precipitation and 
centrifugation as described above. 
3.10.17.5. CdS/CdSe/CdS Emission: 611 nm 
CdS/CdSe with Emission = 554 nm are prepared as described above. 57.5 
mL of shell precursor solution are prepared and injected via method 2 at a rate of 
5 mL/hr. Once the injection finished, the reaction is held at the reaction 
temperature for an additional 30 minutes before cooling. The resulting 
nanocrystals are isolated from the reaction mixture by precipitation and 
centrifugation as described above. 
3.10.18. Extinction Coefficients for CdS-CdSe Composites 
UV-vis absorption spectroscopy has been established as a convenient tool 
to determine the nanocrystal concentration.82 The volume fraction 𝑓  of 
nanocrystals in solution is calculated from the absorbance 𝐴  using the size-
independent intrinsic absorption coefficient 𝜇7: 
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𝑓 = ln 10	 × 𝐴𝜇7  
Equation 3.10.7. 
The molar extinction coefficient of a nanocrystal ε is related to the intrinsic 
absorption coefficient by:  
 
 
𝜀 = 	 𝑁Z𝑉\Qln 10 × 10ab 𝜇7 
Equation 3.10.8. 
 
with NA being Avogradro’s number, VNC the volume of one nanocrystal in nm³ 
and ε in cm-1 M-1.  We use the recently reported size-dependent molar extinction 
coefficient of zincblende CdS NCs to calculate the intrinsic absorption coefficient 
of CdS at 320 nm: 𝜇7 = 1.39 105 M-1. Furthermore, we know the intrinsic absorption 
coefficient of zincblende CdSe at 320 nm: 𝜇7 = 1.74 105 M-1.83 For two materials with 
relatively similar optical constants, the intrinsic absorption coefficient of the core-
shell nanocrystals 𝜇7_"V is a volume weighted average of the intrinsic absorption 




𝜇7_"V = 	𝜙"𝜇7_" +	𝜙V𝜇7_	V	 
Equation 3.10.9. 
 
We estimate the molar ratio χ of core and shell material based on the 
amount of selenoureas and thioureas. This is a reasonable assumption as they go 
to full yield. Using the molar volumes, the molar ratios are converted in volume 
ratios resulting in   	
𝜇7d5efeghif = 	 𝜒Q8RS × 32.9𝜒Q8RS × 32.9 +	𝜒Q8R × 29.9 𝜇7d5eg +	 𝜒Q8R × 29.9𝜒Q8RS × 32.9 +	𝜒Q8R × 29.9 𝜇7d5e	 
Equation 3.10.10. 
 
Finally the molar extinction coefficient is calculated for a particular size, 
according to the above relation between molar extinction coefficient and intrinsic 
absorption coefficient. Table 3.8.1 in the main text provides four examples of this 
calculation.  
Using these molar extinction coefficients and quantifying the number of 






Table 3.10.1. A table of CdS-CdSe nanocrystal properties, nanocrystal 
concentration, oleate ligand concentration, and ligand density as 
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3.10.19. Precursor Characterization 
1-phenylimidazolidine-2-thione (S(SIPh)).  
Yield: 0.835 g (84%). 1H NMR (400 MHz, CD2Cl2): δ = 3.69-3.78 (m, 2H, -
CH2), 4.14-4.24 (m, 2H, -CH2), 6.35 (br, 1H, NH), 7.24-7.32 (m, 1H, p-CH), 7.39-7.48 
(m, 2H, m-CH), 7.58-7.65 (m, 2H, o-C); 13C{1H} (125 MHz, CDCl3): δ = 41.71 (-CH2), 
52.16 (-CH2), 124.56 (m-CH), 126.44 (p-C), 128.86 (o-C), 140.02 (i-C), 182.75 (C(S)); 
Anal. Calcd for C9H10N2S: C, 60.64; H, 5.65; N, 15.72. Found: C, 60.41; H, 5.41; N, 







Yield: 1.346 g (71%)). 1H NMR (400 MHz, CDCl3): δ = 3.13 (s, 3H, -CH3), 3.56 
(t, 2H, -CH2), 3.71 (t, 2H, -CH2) 5.88 (br, 1H, NH);13C{1H} (100 MHz, CDCl3): δ = 
34.30 (-CH3), 41.17 (-CH2), 51.19 (-CH2), 184.07 (C(S)); Anal. Calcd for C4H8N2S: C, 
41.35; H, 6.94; N, 24.11. Found: C, 41.88; H, 6.88; N, 24.05. MS (ASAP) m/z Calcd 







1-ethylimidazolidine-2-thione (S(SIEt)).  
Yield: 1.56 g (73%). 1H NMR (400 MHz, CDCl3): δ = 1.19 (t, 3H, -CH3), 3.66 
(m, 6H, -CH2 & -CH2CH3), 5.83 (br, 1H, NH); 13C{1H} (100 MHz, CDCl3): δ = 12.13 
(-CH3), 41.31 (-CH2), 41.57 (CH2CH3), 47.90 (-CH2), 182.90 (C(S)); Anal. Calcd for 
C5H10N2S: C, 46.12; H, 7.74; N, 21.51. Found: C, 45.86; H, 7.57; N, 21.29. MS (ASAP) 







1-isopropylimidazolidine-2-thione (S(SIiPr)).  
Yield: 1.05 g (74%). 1H NMR (400 MHz, CDCl3): δ = 1.17 (d, 6H, -CH3), 3.59 
(m, 4H, CH2), 4.78 (m, 1H, -CH), 5.91 (br, 1H, NH); 13C{1H} (100 MHz, CDCl3): δ = 
19.36 (-CH3), 41.52 (-CH2), 42.88 (-CH2), 46.92 (-CH) 182.54 (C(S)); Anal. Calcd for 
C6H12N2S: C, 49.96; H, 8.39; N, 19.42. Found: C, 50.25; H, 8.18; N, 19.36. MS (ASAP) 








1,3-diphenylimidazolidine-2-thione (S(SIPh2)).  
Yield: 1.10 g (78%). 1H NMR (400 MHz, C6D6): δ = 3.07 (s, 4H, -CH2), 6.97-
7.03 (m, 2H, p-CH), 7.14-7.23 (m, 4H, m-CH), 7.56-7.62 (m, 4H, o-CH); 13C{1H} (125 
MHz, CDCl3): δ = 49.41 (-CH2), 125.47 (m-CH), 126.67 (p-CH), 128.89 (o-CH), 140.85 
(i-CH), 181.27 (C(S)); Anal. Calcd for C15H14N2S: C, 70.83; H, 5.55; N, 11.01. Found: 







1,3-dimethylimidazolidine-2-thione (S(SIMe2)).  
Yield 0.436 g (60%). 1H NMR (400 MHz, C6D6): δ = 2.38 (s, 4H, -CH2), 2.81(s, 
6H, -CH3); 13C{1H} (100 MHz, C6D6): δ = 24.51 (-CH3), 47.27 (-CH2), 184.25 (C(S)); 
Anal. Calcd for C5H10N2S: C, 46.12; H, 7.74; N, 21.51. Found: C, 46.25; H, 7.73; N, 








1,3-diethylimidazolidine-2-thione (S(SIEt2)).  
Yield: 0.657 g (74%). 1H NMR (500 MHz, C6D6): δ = 0.87 (t, 6H, -CH3), 2.54 
(s, 4H, -CH2), 3.52 (q, 4H, -CH2CH3); 13C{1H} (125 MHz, CDCl3): δ = 12.06 (-CH3), 
42.20 (-CH2CH3), 45.35 (-CH2), 181.82 (C(S)); Anal. Calcd for C7H14N2S: C, 53.12; H, 
8.92; N, 17.70. Found: C, 53.25; H, 8.75; N, 17.56. MS (ASAP) m/z Calcd for 







1,3-diisopropylimidazolidine-2-thione (S(SIiPr2)).  
Yield: 0.826 g (79%). 1H NMR (400 MHz, C6D6): δ = 0.89 (d, 12H, -CH3), 2.65 
(s, 4H, -CH2), 5.19 (m, 2H, -CH); 13C{1H} (100 MHz, C6D6): δ = 18.64 (-CH3), 39.88 (-
CH2), 46.35 (-CH), 182.06 (C(S)); Anal. Calcd for C9H18N2S: C, 58.02; H, 9.74; N, 
15.04. Found: C, 58.12; H, 9.52; N, 15.02. MS (ASAP) m/z Calcd for [C9H18N2S + H+]: 








1-methyltetrahydropyrimidine-2(1H)-thione (S(PymMe)).  
Yield: 1.16 g (54%). 1H NMR (400 MHz, CDCl3): δ = 2.01 (m, 2H, -CH2), 3.28 
(t, 2H, -CH2), 3.35 (t, 2H, -CH2), 3.39 (s, 3H, -CH3), 6.35 (br, 1H, NH); 13C{1H} (100 
MHz, CDCl3): δ =21.12 (-CH2), 40.75 (-CH2), 42.12 (-CH2), 48.35 (-CH3), 178.04 
(C(S)); Anal. Calcd for C5H10N2S: C, 46.12; H, 7.74; N, 21.51. Found: C, 47.37; H, 







1-isopropyltetrahydropyrimidine-2(1H)-thione (S(PymiPr)).  
Yield: 0.0263 g (46%). 1H NMR (400 MHz, CDCl3): δ =  1.16 (d, 6H, CH3), 1.96 
(m, 2H, CH2), 3.24 (m, 4H, CH2), 5.64 (m, 1H, CH), 6.25 (br, 1H, NH); 13C{1H} (100 
MHz, CDCl3): δ = 19.07 (-CH3), 21.11 (-CH2), 38.99 (-CH2), 40.85 (-CH2), 51.87 (-CH), 
177.05 (C(S)); Anal. Calcd for C7H14N2S: C, 53.12; H, 8.92; N, 17.70. Found: C, 53.32; 







1,3-dimethyltetrahydropyrimidine-2(1H)-thione (S(PymMe2)).  
Yield: 0.373 g (72%).  1H NMR (400 MHz, CDCl3): δ = 2.04 (m, 2H, -CH2), 
3.38 (t, 4H, -CH2), 3.43 (s, 6H, -CH3); 13C{1H} (100 MHz, CDCl3): δ = 21.15 (-CH2), 
43.46 (-CH2), 48.87 (-CH3) 179.38 (C(S)); Anal. Calcd for C6H12N2S: C, 49.96; H, 8.39; 
N, 19.42. Found: C, 50.73; H, 8.27; N, 19.32. MS (ASAP) m/z Calcd for [C6H12N2S + 







1,3-diethyltetrahydropyrimidine-2(1H)-thione (S(PymEt2)).  
Yield: 2.09 g (74%).  1H NMR (400 MHz, CDCl3): δ = 1.23 (t, 6H, -CH3), 1.99 
(m, 2H, -CH2), 3.33 (t, 4H, -CH2), 3.97 (q, 4H, -CH2CH3); 13C{1H} (100 MHz, CDCl3): 
δ = 12.13 (-CH3), 21.38 (-CH2), 46.08 (-CH2), 49.86 (-CH2CH3), 177.59 (C(S)); Anal. 
Calcd for C8H16N2S: C, 55.77; H, 9.36; N, 16.26. Found: C, 56.03; H, 9.22; N, 16.29. 







1,3-diisopropyltetrahydropyrimidine-2(1H)-thione (S(PymiPr2)).  
Yield: 1.16 g (76%).  1H NMR (400 MHz, CDCl3): δ = 1.16 (d, 12H, -CH3), 1.91 
(m, 2H, -CH2), 3.18 (t, 4H, -CH2), 5.91 (m, 2H, -CH); 13C{1H} (100 MHz, CDCl3): δ = 
19.23 (-CH3), 21.76 (-CH2), 39.59 (-CH2), 52.19 (-CH), 177.88 (C(S)); Anal. Calcd for 
C10H20N2S: C, 59.95; H, 10.06; N, 13.98. Found: C, 61.14; H, 10.11; N, 12.79. MS 







1-phenylimidazolidine-2-selenone (Se(SIPh)).  
Yield: 6.85 g (25%). 1H NMR (400 MHz, CD2Cl2): δ = 3.76 (t, 2H, -CH2), 4.18 
(t, 2H, -CH2), 6.66 (br, 1H, NH), 7.34 (t, 1H, p-CH), 7.46 (t, 2H, o-CH), 7.61 (d, 2H, 
m-CH); 13C{1H} (101 MHz, CD2Cl2): δ = 43.16 (-CH2), 52.91 (-CH2), 125.36 (m-CH), 
126.83 (p-CH), 128.67 (o-CH), 140.64 (i-C), 180.32 (C(Se)); 77Se {1H} (76 MHz, CD-
2Cl2): δ = 133.52; Anal. Calcd for C9H10N2Se: C, 48.01; H, 4.48; N, 12.44. Found: C, 










1-ethylimidazolidine-2-selenone (Se(SIEt)).  
Yield: 2.01 g (38%). 1H NMR (400 MHz, CDCl3): δ = 1.17 (t, 3H, -CH3), 3.58 
(m, 2H, -CH2), 3.67 (m, 4H, -CH2), 6.83 (br, 1H, NH); 13C{1H} (101 MHz, CDCl3): δ 
= 12.24 (-CH3), 42.66 (-CH2), 43.51 (-CH2), 48.08 (-CH2), 179.09 (C(Se)); 77Se{1H} (76 
MHz, CD2Cl2):δ = 67.70; Anal. Calcd for C5H10N2Se: C, 33.91; H, 5.69; N, 15.82. 
Found: C, 33.98; H, 5.49; N, 15.75. MS (ASAP) m/z Calcd for [C5H10N2Se + H+]: 









1-isopropylimidazolidine-2-selenone (Se(SIiPr)).  
Yield: 0.84 g (21%). 1H NMR (400 MHz, CDCl3): δ = 1.16 (d, 6H, -CH3), 3.56 
(m, 4H, -CH2), 4.85 (m, 1H, -CH), 6.68 (br, 1H, NH); 13C{1H} (101 MHz, CDCl3): δ = 
19.53 (-CH3), 42.79 (-CH2), 43.07 (-CH2), 49.08 (-CH), 178.60 (C(Se)); 77Se{1H} (76 
MHz, CD2Cl2): δ =70.24; Anal. Calcd for C6H12N2Se: C, 37.70; H, 6.33; N, 14.66. 
Found: C, 37.74; H, 6.12; N, 14.64. MS (ASAP) m/z Calcd for [C6H12N2Se + H+]: 











1,3-diphenylimidazolidine-2-selenone (Se(SIPh2))  
Yield: 19.67 g (44%). 1H NMR (400 MHz, CD2Cl2): δ = 4.15 (s, 4H, -CH2), 7.30-
7.36 (m, 2H, p-CH), 7.41-7.49 (m, 4H, m-CH), 7.53-7.59 (d, 4H, o-CH); 13C{1H} (101 
MHz, CD2Cl2): δ = 51.44 (-CH2), 126.96 (o-CH), 127.50 (p-CH), 129.20 (m-CH), 142.08 
(i-C), 181.38 (C(Se)); 77Se {1H} (76 MHz, CD2Cl2): δ = 174.28; Anal. Calcd for 
C15H14N2Se: C, 59.81; H, 4.68; N, 9.30. Found: C, 59.68; H, 4.58; N, 9.24. MS (ASAP) 









1,3-ditertbutylimidazolidine-2-selenone (Se(SIt-Bu2))  
Yield: 0.81 g (3%). 1H NMR (400 MHz, CDCl3): δ = 1.69 (s, 18H, -CH3), 3.47 
(s, 4H, -CH2); 13C{1H} (101 MHz, CDCl3): δ = 28.92 (-CH3), 45.71 (-CH2), 58.07 (-
C(CH3)3), 179.09 (C(Se)); 77Se {1H} (76 MHz, CDCl3): δ = 274.39; Anal. Calcd for 
C11H22N2Se: C, 50.57; H, 8.49; N, 10.72. Found: C, 50.66; H, 8.10; N, 10.79. MS 









1,3-dimethylimidazolidine-2-selenone (Se(SIMe2))  
Yield: 15.01 g (50%). 1H NMR (400 MHz, C6D6): δ = 2.38 (s, 4H, -CH2), 2.89 
(s, 6H, -CH3); 13C{1H} (101 MHz, C6D6): δ = 36.62 (-CH3), 48.50 (-CH2), 183.46 (C(Se)); 
77Se {1H} (76 MHz, C6D6): δ = 110.90; Anal. Calcd for C5H10N2Se: C, 33.91; H, 5.69; 
N, 15.82. Found: C, 33.93; H, 5.47; N, 15.77. MS (ASAP) m/z Calcd for [C5H10N2Se + 










1,3-diethylimidazolidine-2-selenone (Se(SIEt2))  
Yield: 15.30 g (76.5%). 1H NMR (400 MHz, CDCl3): δ = 1.17 (t, 6H, -CH3), 
3.55 (s, 4H, -CH2), 3.75 (q, 4H, -CH2CH3); 13C{1H} (101 MHz, CDCl3): δ = 12.28 (-
CH3), 44.16 (-CH2CH3), 46.37 (-CH2), 179.86 (C(Se)); 77Se {1H} (76 MHz, CDCl3): δ = 
62.14; Anal. Calcd for C7H14N2Se: C, 40.98; H, 6.88; N, 13.65. Found: C, 41.19; H, 









1,3-diisopropylimidazolidine-2-selenone (Se(SIiPr2))  
Yield: 11.17 g (55.9%). 1H NMR (400 MHz, C6D6): δ = 0.88 (d, 12H, -CH3), 
2.63 (s, 4H, -CH2), 5.33 (m, 2H, -CH); 13C{1H} (101 MHz, C6D6): δ = 19.11 (-CH3), 
41.05 (-CH2), 48.70 (-CH), 181.30 (C(Se)); 77Se {1H} (76 MHz, C6D6): δ = 107.23; Anal. 
Calcd for C9H18N2Se: C, 46.35; H, 7.78; N, 12.01. Found: C, 46.41; H, 7.51; N, 12.14. 








1-methyltetrahydropyrimidine-2(1H)-selenone (Se(PymMe)).  
Yield: 0.62 g (11%). 1H NMR (400 MHz, CDCl3): δ = 2.07 (m, 2H, -CH2), 3.23 
(m, 2H, -CH2), 3.36 (t, 2H, -CH2), 3.50 (s, 3H, -CH3), 6.70 (br, 1H, NH); 13C{1H} (101 
MHz, CDCl3): δ = 20.71 (-CH2), 40.57 (-CH2), 45.08 (-CH2), 48.04 (-CH3), 173.35 
(C(Se)); 77Se {1H} (76 MHz, C6D6): δ = 205.43; Anal. Calcd for C5H10N2Se: C, 33.91; 
H, 5.69; N, 15.82. Found: C, 3.99; H, 5.48; N, 15.80. MS (ASAP) m/z Calcd for 










1,3-dimethyltetrahydropyrimidine-2(1H)-selenone (Se(PymMe2)).  
Yield: 0.69 g (8%). 1H NMR (400 MHz, CDCl3): δ = 2.05 (m, 2H, -CH2), 3.36 
(t, 4H, -CH2), 3.55 (s, 6H, -CH3); 13C{1H} (101 MHz, CDCl3): δ = 20.92 (-CH2), 46.94 
(-CH2), 48.46 (-CH3), 177.76 (C(Se)); 77Se {1H} (76 MHz, C6D6): δ = 221.22; Anal. Calcd 
for C6H12N2Se: C, 37.70; H, 6.33; N, 14.66. Found: C, 37.72; H, 6.16; N, 14.63. MS 









1,3-diethyltetrahydropyrimidine-2(1H)-selenone (Se(PymEt2)).  
Yield: 0.23 g (2%). 1H NMR (400 MHz, CDCl3): δ = 1.24 (t, 6H, -CH3), 2.00 
(m, 2H, -CH2), 3.31 (t, 4H, -CH2), 4.07 (q, 4H, -CH2); 13C{1H} (101 MHz, CDCl3): δ = 
12.31 (-CH3), 21.06 (-CH2), 45.68 (-CH2), 53.26 (-CH2), 175.65 (C(Se)); 77Se {1H} (76 
MHz, C6D6): δ = 175.18; Anal. Calcd for C8H16N2S: C, 43.84; H, 7.36; N, 12.78. Found: 








1,3-diisopropyltetrahydropyrimidine-2(1H)-selenone (Se(PymiPr2)).  
Yield: 0.15 g (3%) 1H NMR (400 MHz, CDCl3): δ = 1.21 (d, 12H, -CH3), 1.92 
(m, 2H, -CH2), 3.18 (t, 4H, -CH2), 6.08 (m, 2H, -CH); 13C{1H} (101 MHz, CDCl3): δ = 
19.25 (-CH3), 21.41 (-CH2), 39.77 (-CH2), 56.20 (-CH), 176.12 (C(Se)); 77Se {1H} (76 
MHz, C6D6): δ = 175.96; Anal. Calcd for C10H20N2Se: C, 48.58; H, 8.15; N, 11.33. 
Found: C, 49.51; H, 8.93; N, 10.91. MS (ASAP) m/z Calcd for [C10H20N2Se + H+]: 
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4.1. Abstract 
4.1.1. Technical Abstract 
 We synthesize 3 monolayer CdSe and CdS nanoplatelets with lateral 
dimensions varying between 10 nm x 10 nm to 200 nm x 200 nm using substituted 
thio- and selenoureas possessing 5 orders of magnitude of conversion reactivity 
with cadmium acetate dihydrate at 195 °C. We simultaneously inject mixtures of 
sulfur and selenium precursors to generate CdSe1-xSx nanoplatelet heterostructures 
of predicted homogeneous alloy, graded alloy, and core/crown compositions. We 
characterize the relationship between precursor conversion and elemental 
distributions of sulfur and selenium atoms in the final structures by their 
absorbance and emission spectra, scanning transmission electron microscopy 
energy dispersive x-ray spectroscopy (STEM EDX), scanning transmission 
electron microscopy electron energy-loss spectroscopy (STEM EELS) and pair 
distribution function analysis (PDF). 
4.1.2. Plain English Abstract 
 Nanoplatelets are distinct from the spherical nanoparticles previously 
described in this thesis because they are highly anisotropic, possessing one spatial 
dimension that is several atomic layers thick and two dimensions of substantially 
larger size. Due to their largely one-dimensional quantum confinement, 
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nanoplatelets possess extremely narrow emission linewidths that are about half to 
a third as narrow as those of spherical nanoparticles. The extreme color purity of 
nanoplatelet emissions could enhance many of the benefits that spherical 
nanoparticles have as fluorescent emitters. Much like for spherical nanoparticles, 
compositional control over nanoplatelet structure is very important. We seek to 
extend the utility of our library of sulfur and selenium containing molecules 
towards the synthesis of nanoplatelets. Because platelets are two-dimensional 
structures, we hope to use them as a good model system to elementally map 
distributions of sulfur and selenium atoms with electron microscopy. Analogous 
to how tree rings provide information about tree growth over time, we seek to use 
the elemental distributions of sulfur and selenium atoms in our nanoplatelets to 
illustrate nanoplatelet growth over time. We were successful in controlling the 
synthesis of nanoplatelet structures based on molecule reactivity, however, we 
observe that nanoplatelet crystallization processes are complex and that our 
structures do not grow as symmetrically as our simplistic kinetic model predicts. 
4.2. Context 
 Two-dimensional colloidal cadmium chalcogenide nanoplatelets possess 
narrow full-width half max emission linewidths which make them valuable for 
their color purity.1 This is due to their uniform confinement in one dimension 
which is significantly thinner than the material’s Bohr radius leading to quantum 
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confinement effects. They also possess fast fluorescence lifetimes that result from 
image charges and large exciton binding energies as a consequence of their large 
surfaces.2 Their absorption and emission spectra exhibit shifts due to changes in 
thickness, confinement, and elemental composition. Control over nanoplatelet 
thickness is achieved through selection of reaction temperature and ligands.  
Notably, the use of cadmium acetate, a short chain carboxylate (O2CCH3), leads to 
the growth of nanoplatelets as opposed to nanoparticles which form in the 
presence of a long chain carboxylic acid such as oleic acid (O2CC17H34).1  
More recently, Moreels et al. has demonstrated control over platelet lateral 
dimensions and shape via the cadmium acetate/cadmium acetate dihydrate ratio, 
which points to the role of water in nanoplatelet synthesis. However, this change 
is non-innocent towards platelet surface chemistry; it is found to alter the presence 
of bound hydroxide anions.3 A method for tuning platelet dimensions separate 
from tuning traditional variables such as temperature or surfactant mixtures is 
required because during synthesis, these changes have large effects on platelet 
thickness and surface chemistry. Additionally, small lateral dimensions of 
platelets are desired to reduce rolling in thin samples4 as well as attain higher PL 
efficiencies due to a lower probability of defects.5  
 We recently demonstrated chemical control over chalcogen precursor 
decomposition rates as an effective way to achieve size control over the synthesis 
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of spherical nanoparticles.6-9 We have also demonstrated the synthesis of one-pot 
core/shells, alloys, and inverse core/shell heterostructures using a single injection 
of chalcogen precursors that relies solely on reaction kinetics to determine 
structural control.9 Extending the utility of this library of chalcogenourea 
precursors to nanoplatelets will enable new temporal studies on the growth 
mechanisms of anisotropic particles via electron microscopy techniques that 
enable elemental mapping.  
In this chapter, we add a series of trisubstituted thioureas to our expansive 
chalcogenourea precursor library which had previously only been used to 
synthesize spherical nanocrystals or nanorods.6-8 We demonstrate that precursor 
conversion rates adjust the lateral dimensions of nanoplatelets and link precursor 
conversion rates directly to radial distributions of chalcogens in platelet samples. 
4.3. Nanoplatelet Synthesis 
4.3.1. Precursors for Platelet Synthesis 
Trisubstituted thioureas, N-monosubstituted cyclic selones, and N,N’-
disubstituted cyclic selones whose synthesis is described previously,6, 8-9 possess 
the appropriate reactivity with cadmium acetate dihydrate for the synthesis of 3 
monolayer thick cadmium chalcogenide nanoplatelets. Unlike under nanocrystal 
forming conditions with long chain carboxylate ligands at 240 °C, trisubstituted 
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thioureas with differing steric profiles possess noticeably distinct reactivity under 
the lower temperature nanoplatelet forming conditions (Table 4.3.1). We note that 
the reactivity trends of trisubstituted compounds is opposite the trend of 
disubstituted compounds. For example, trialkyl thioureas react the fastest with 
aryl substituents slowing down precursor reactivity whereas diaryl disubstituted 
thioureas react faster than dialkyl disubstituted thioureas. This is consistent with 
our mechanistic hypothesis for the reaction of di- vs. trisubstituted thioureas. 
Disubstituted thioureas are hypothesized to react via a deprotonation to form a 
metal thioureate intermediate followed by a second deprotonation to form the 
carbodiimide. Aryl groups and other electron withdrawing substituents will favor 
deprotonation. In contrast, trisubstituted thioureas are hypothesized to form a 
metal thioureate intermediate followed by nucleophilic attack on the thio- or 
selenocarbonyl by an intermolecular or intramolecular carboxylate. This 
nucleophilic attack is likely to be heavily affected by sterics. 
Platelet kinetics were determined by size independent extinction 
coefficients at 350 nm for CdSe,10 and by looking at absorbance at 371 nm, which 
corresponds to the band edge transition of 3 monolayer thick CdS nanoplatelets. 
Although the reaction is not expected to be a first order reaction, the production 
of cadmium chalcogenide material can be fit well to a first order fit. To quantify 
 232 
differences in reactivity, we extract kr for the purpose of comparing relative 
reactivities. Find more details in the experimental (Kinetics Determination).  
Table 4.3.1. Reaction scheme to form 3 monolayer thick cadmium 
chalcogenide nanoplatelets. Compound structures, % Yields of precursor 
synthesis, and reactivity (kr) of all precursors under these reaction 
conditions. aSynthesized as previously described.6 bSynthesized as 
previously described.8 cSynthesized as previously described.9 
dCommercially available. 
 
Compound E R1 R2 R3 R4 
% Yield 
Compound kr 
1 S H n-C6H13 H n-C12H25 a >1 
2 S H n-C6H13 n-C8H17 n-C8H17 a 6.1 x 10-2 
3 S H Cy -CH2CH2- 22 5.3 x 10-2 
4 S H n-C6H13 -CH2CH2- 4.7 3.6 x 10-2 
5 S H Ph -CH2CH2- 31 2.6 x 10-2 
6 S H Bn -CH2CH2- 30 2.1 x 10-2 
7 S H Ph n-C4H9 n-C4H9 a 1.3 x 10-2 
8 S H CH3 Ph Ph b 3.3 x 10-3 
9 S H -CH2CH2- H d 2.8 x 10-3 
10 S H -CH2CH2- Ph c 9.9 x 10-4 
11 Se H -CH2CH2- Ph c 1.3 x 10-1 
12 Se H -CH2CH2- n-C2H5 c 6.6 x 10-3 
13 Se Ph -CH2CH2- Ph c 6.6 x 10-3 
14 Se H -CH2CH2- iPr c 4.1 x 10-3 
15 Se t-Bu -CH2CH2- t-Bu c 2.6 x 10-4 
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4.3.2. Platelet Synthesis 
Analogous to the link between precursor conversion kinetics and final 
nanoparticle size for II-VI,6, 8-9, 11-13  IV-VI,6-7, 14 and III-V15-17 nanoparticle systems, we 
demonstrate that decreasing precursor reactivity leads to the formation of larger 
nanoplatelets (Figure 4.3.1). It is not straightforward to obtain a relationship 
between kr and number of platelets nucleated (analogous to the analysis performed 
in Chapter 3) due to the simultaneous production of unwanted nanocrystal 
byproducts in our platelet syntheses that must be excluded via centrifugation 
procedures. However, it has been observed that changing the lateral dimensions 
of platelets is known to impact nanoplatelet rolling.4 Thus, it is perhaps not 
surprising that as the precursor reactivity changes, the platelet lateral dimensions 
and extent of rolling also change. In order to obtain nanoplatelets that are not 
rolled, we prefer the use of 11. 
 
Figure 4.3.1. TEM images of 3 monolayer CdSe platelets synthesized from 




Figure 4.3.2. UV-vis spectra of 3 monolayer CdSe platelets synthesized from 
A) 11, B) 12, C) 13, and D) 15. 
 
In the reaction with 11, despite varying many parameters including 
temperature, concentration, equivalences of cadmium, 11, and oleic acid, we are 
unable to remove a small undesirable population of nanocrystals that nucleates 
alongside our target nanoplatelet products. In fact, many of our changes increased 
the intensity of the undesired population as measured by absorbance 
spectroscopy. We observe that the use of slightly slower precursors such as 12, 13, 
or 15 seem to eliminate this problem (Figure 4.3.2), at least as can be distinguished 
via absorbance spectroscopy, although there are still small populations of 
nanoparticles observable via electron microscopy (Figure 4.3.1). 
4.3.3. Varying Composition with Precursor Conversion 
We simultaneously inject mixtures of sulfur precursor with varying kr 
values (1, 7, and 8) with selenium precursor 11 in order to kinetically grow CdSe1-
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xSx nanoplatelet heterostructures. Based on the conversion kinetics of the single 
component reaction solutions (Table 4.3.1), we can predict the resulting 
nanoplatelet structures (Figure 4.3.3 and Structure Simulations). 
 
 
Figure 4.3.3. Synthetic scheme and predicted structure of CdSe1-xSx 
nanoplatelets synthesized via a simultaneous injection of 11 and A) 8, B) 7, 
and C) 1. 
 
UV-vis absorbance spectra of reaction aliquots are shown in Figure 4.3.4. 
Figure 4.3.4A shows absorbance at early times corresponding with a 3 monolayer 
CdSe nanoplatelet emitting at 461 nm (fluorescence not shown). As the reaction 
proceeds and more CdS monomers get supplied to the reaction, a higher energy 
absorbance peak appears. The reaction spectra taken at early timepoints in Figure 
4.3.4B-C are blue shifted compared to the CdSe/CdS core/crown example which 
 236 
indicates that the platelet cores contain more converted CdS which tracks with 
what is predicted via our kinetics simulations. 
 
 
Figure 4.3.4. UV-vis spectra of CdSe1-xSx nanoplatelets synthesized via a 
simultaneous injection of 11 and A) 8, B) 7, and C) 1. 
4.3.4. Alloy Compositions 
To synthesize homogeneous alloys, we simultaneously inject a mixture of 
precursors 8 and 13 that possess matched reactivity. Based on the conversion 
kinetics of the single component reaction solutions (Table 4.3.1), the platelets are 
predicted to be close to homogeneous alloyed platelets (Figure 4.3.5 and Structure 




Figure 4.3.5. A) Predicted structure and B) absorbance spectra of CdSe1-xSx 
homogeneous alloy nanoplatelets synthesized via a simultaneous injection 
of 8 and 13. 
4.4. Characterization 
4.4.1. Electron Microscopy 
Structural and elemental characterization of nanoplatelets is challenging 
but has been enabled by advances in electron microscopy techniques. Previously, 
atomic resolution HAADF STEM was used to correct nanoplatelet thicknesses 
predicted from calculations.18 Additionally, CdSe1-xSx alloyed or core/crown 
platelet compositions have been mapped by STEM EDX on platelets that are 4 or 
6 monolayers thick.19-21 We cannot use 4-6 monolayer thick platelets for our 
experiments because they are synthesized via a mechanism that is not precursor 
conversion limited.22 However, our 3 monolayer platelet synthesis is precursor 
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conversion limited which directly links precursor reactivity and the final 
nanoplatelet structure. Due to the increase in sample fragility, elemental mapping 
via electron microscopy measurements becomes more difficult the thinner a 
material is. In order to work around sample degradation issues, performing 
imaging experiments at cryogenic temperatures has previously increased the 
stability of inorganic nanostructures.23 We decided to employ this method to 
enable characterization of chalcogen distributions in our 3 monolayer thick CdS1-
xSx nanoplatelet samples. 
4.4.1.1. STEM EDX 
Attempts to perform STEM EDX elemental mapping on 3 monolayer 
platelet samples is limited by sample degradation. Atomic resolution STEM 
images can be collected at 200kV but at high magnification (>225kx), the sample 
begins to degrade in seconds. We collected low magnification (40kx) STEM EDX 
images of hundreds of platelets to quantify elemental compositions present in the 
samples described in Figure 4.3.3 and Figure 4.3.4 (Table 4.4.1). As expected, the 
elemental percentages of sulfur and selenium are approximately 50:50 matching 
the ratio of the original thiourea to selenourea that were injected into the reactions. 
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Table 4.4.1. Atomic % of sulfur, selenium, and cadmium observed in 
nanoplatelet samples via STEM EDX whose synthesis is described in Figure 
4.3.3 and Figure 4.3.4. 
Sample Atomic % S Atomic % Se Atomic % Cd 
CdSe/CdS 
Core/Crown 
35% 28% 37% 
CdSe/CdS 
Graded Alloy 
31% 29% 39% 
CdS/CdSe 
Graded Alloy 
31% 30% 39% 
 
Decreasing the accelerating voltage to 80kV allowed for greater stability on 
the order of minutes that allows for the collection of EDX maps on single platelets. 
However, these maps are still limited by poor signal to noise, so we turned to 
lower accelerating voltages and lower imaging temperatures to try to increase 
sample stability. 
4.4.1.2. STEM EELS 
We perform STEM EELS mapping on single nanoplatelets at 60 kV. 
Elemental mapping was performed at -80 °C in order to reduce beam damage and 
eliminate contamination while preventing buildup of ice at liquid nitrogen 
temperatures. We collected data at the cadmium M4,5 edge at 404 eV, the selenium 
L2 and L3 edges at 1476 and 1436 eV, and the sulfur L2,3 edge at 165 eV. We 
additionally attempted to find the sulfur K edge at 2472 eV, although this did not 
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prove fruitful, likely due to issues detecting high energy loss peaks from an 
already very low energy (60 kV) electron beam. 
EELS mapping is consistent with our simulations of the nanoplatelets. The 
uniform intensity of the ADF images shows that Cd is evenly distributed 
throughout the whole platelet. Although we were unable to collect cadmium and 
selenium EELS data on the same map, we observe that the ADF image intensity 
tracks well with the cadmium content. Thus, for samples without cadmium maps, 
we can use the ADF image as a proxy for the cadmium content. Selenium is in 
some cases distributed near the core or crown of the platelet (Figure 4.4.1 and 
Figure 4.4.3), and in other cases more evenly distributed around the platelet 
(Figure 4.4.2). Based on the STEM EDX elemental compositions determined in 
Table 4.4.1, it is reasonable to conclude that if the ADF image looks uniform as a 3 
monolayer platelet and there are intensity changes in the selenium map then sulfur 
is likely localized in the selenium void regions. We are able to confirm this 
hypothesis albeit not on the same nanoplatelet samples for the CdS/CdSe graded 
alloy platelet samples synthesized in Figure 4.3.4C (Figure 4.4.4). These images are 




Figure 4.4.1. CdSe/CdS core/crown sample (Figure 4.3.3A and Figure 
4.3.4A) A) ADF image, B) Cd M4,5 map, C) ADF image, D) Se L2/L3 map, E) 
cadmium map linescan, and F) selenium map linescan. 
 
 
Figure 4.4.2. CdSe/CdS graded alloy sample (Figure 4.3.3B and Figure 
4.3.4B) A) ADF image, B) Cd M4,5 map, C) ADF image, D) Se L2/L3 map, E) 




Figure 4.4.3. CdS/CdSe graded alloy sample (Figure 4.3.3C and Figure 
4.3.4C) A) ADF image, B) Se L2/L3 map, C) selenium map linescan. 
 
Figure 4.4.4. CdS/CdSe graded alloy sample (Figure 4.3.3C and Figure 
4.3.4C) A) ADF image, B) Cd M4,5 map, C) S L2,3 map, D) cadmium and sulfur 
linescan (top) and E) cadmium and sulfur linescan (bottom). 
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4.4.1.3. Extraneous Nucleation of Crown Material 
Interestingly, for the core/crown and CdSe/CdS graded alloy samples, we 
observe some platelets that do not contain selenium as characterized via EELS 
(Figure 4.4.5). Our interpretation is that these platelets may consist solely of CdS. 
For the core/crown and CdSe/CdS graded alloy samples in which a slower sulfur 
precursor deposits CdS onto nucleated CdSe or CdSe-rich cores, it is possible that 
we see separate nucleation and growth of this shell material, similar to the 
extraneous nucleation of shell material described in CdSe/CdS one pot core/shell 
reactions in Chapter 3. This could be occurring due to inherent differences in the 
growth rates of CdS and CdSe, differences in their critical concentration, or 
activation barriers to growing CdS on a CdSe platelet. 
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Figure 4.4.5. A) ADF image, B) Cd M4,5 map, C) EELS spectrum near the 404 
eV onset of the cadmium energy loss peak, D-E) EELS spectra near the 1476 
eV onset of the selenium energy loss peak of a platelet in reaction B that 
does and does not contain a visible Se edge. 
 
4.4.1.4. Studies of chalcogen deposition on platelets 
Although we have good control over the chalcogen atom supply rate to the 
growing nanoplatelets via our chemical control of precursor conversion, it appears 
that the second material to deposit does not grow isotropically around the 
nanoplatelet (Figure 4.4.1). Because of their large dimensions, beam stability at 
cryogenic temperatures, and link between precursor conversion and monomer 
generation, platelets are a great model system in which to study the deposition of 
CdS and CdSe monomers onto the growing crystal with temporal resolution.  
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From reaction A, we observe nonconformal growth of CdS around the CdSe 
seed platelets. In fact, many of the core/crown nanoplatelets we are able to grow 
under kinetic control appear T-shaped and the crown is not as conformal as other 
examples in the literature.21 It is interesting to note, however, that while the 
CdS/CdSe graded alloy platelets are also shelled anisotropically, the platelet shape 
is more isotropic and oval compared with the angular and irregular T-shaped 
CdSe/CdS core/crown platelets (Figure 4.4.3). 
4.4.2. Pair Distribution Function Analysis 
We perform pair distribution function (PDF) analysis, which is an X-ray 
technique aptly suited for the characterization of nanomaterials.24-25 These 
nanoplatelets lie in a regime where other X-ray techniques are less useful; single 
crystal X-ray diffraction must be applied to well-defined, diffraction-quality single 
crystals which are impossible to produce from distributions of semiconducting 
nanoparticles, and powder X-ray diffraction produces broad, diffuse X-ray 
scattering features especially at small sizes.26 PDF analysis has proved useful for 
many types of nanomaterial studies including magic-size CdSe26 or CdS clusters27 
and identifying core/shell vs. alloy heterostructures.28   
The PDF analysis described herein was performed by M. W. Greenberg and 
S. Banerjee. We find that the nanoplatelet cores, at low-r, are adequately described 
using a single phase zincblende structure model, with no significant 
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improvements using a proxy two-phase faulted model consisting of wurtzite and 
zincblende layers. This suggests that the core structure of the nanoplatelets are 
predominantly unfaulted (Figure 4.4.6). This is surprising in the context of other 
cadmium chalcogenide nanomaterials which typically possess stacking fault 
densities around 30%.29 However, due to the well-ordered nature of the zincblende 
nanoplatelets as determined via atomic resolution STEM images and the 
zincblende directing nature of the short chain carboxylate ligands, perhaps this is 
not surprising. 
 
Figure 4.4.6. The PDF analysis of a pure CdS, pure CdSe, and the 
core/crown and graded alloy samples whose synthesis is described in 
Figure 4.3.3 show a high zincblende phase purity. 
 
Additional analysis of the PDF patterns (Figure 4.4.7) shows a few 
important things. First, that the first few atomic correlation peaks are heightened 
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compared to that of spherical nanoparticles. This is due to the anisotropic structure 
of the 2-D nanoplatelets. As a result, these nanoplatelets cannot be fully modeled 
by spherical envelope functions used to fit PDF patterns of nanoparticles. This is 
perhaps not surprising. Second, we see that the lattice parameter of the CdSe1-xSx 
composites lays between that of a 3 monolayer CdS and CdSe nanoplatelet sample 
with a slight deviation from what might be expected from Vegard’s law30 (Figure 
4.4.8).  We hope that further analysis of these samples will help us develop a good 
method to analyze composition of these flat nanoplatelets that can also be 





Figure 4.4.7. Experimental PDF data of pure Cd, pure CdSe,* CdS/CdSe 
graded alloy, CdSe/CdS core/crown, and CdSe/CdS graded alloy 
nanoplatelets of approximately 10 nm x 10 nm in dimensions. *Our CdSe 
nanoplatelet samples contain spherical nanoparticle impurities. In order to 
test how much the presence of this impurity affects the PDF analysis, we 





Figure 4.4.8. Extracted lattice constants of the cadmium chalcogenide 
nanoplatelet structures shows that the CdS0.5Se0.5 composites possess 
intermediate lattice constants. 
 
4.4.3. Raman 
As it is a fairly standard technique for the characterization of cadmium 
chalcogenide heterostructures, with the ability to differentiate between core/shell, 
graded alloy, and homogeneous alloy structures,31 N. Saenz and Prof. A. C. 
Crowther are working on Raman characterization of the nanoplatelets. As of the 
time of this writing, this experiment is still in progress.  
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4.5. Summary 
We report the reactivity of a library of chalcogenourea compounds whose 
conversion kinetics to form nanoplatelets can be finely controlled by adjusting the 
sterics of their substitution pattern. These precursors allow us to control lateral 
dimensions of the nanoplatelets and adjust nanoplatelet composition ranging from 
homogeneous and graded alloy structures to core/crown which we characterize 
by electron microscopy and X-ray scattering techniques. This ideal 2-D system 
allows us to characterize the link between precursor conversion rates and final 
nanomaterial compositions.  
4.6. Experimental Details 
4.6.1. General Methods 
 All manipulations were performed using standard air-free techniques on a 
Schlenk line under argon atmosphere or in a nitrogen-filled glovebox unless 
otherwise indicated. 
4.6.2. Chemicals 
 Reagent alcohol (ACS reagent), hexane (mixture of isomers, ≥98.5%), and 
toluene (≥99.5%), 1-Octadecene (90%), hexadecane (99%), cadmium acetate 
dihydrate (98%), cyclohexyl isothiocyanate (98%), hexyl isothiocyanate (95%), 
phenyl isothiocyanate (98%), benzyl isothiocyanate (98%), and pyrrolidine (99%) 
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were obtained from Aldrich and used without further purification. Oleic acid 
(99%) was obtained from Aldrich or Alfa Aesar, stored in a –20 °C freezer, and 
used without further purification. 
4.6.3. Instrumentation 
 UV-Vis spectra were obtained using a Perkin-Elmer Lambda 950 
spectrophotometer equipped with deuterium and halogen lamps. 
Photoluminescence measurements were performed using a Fluoromax 4 from 
Horiba Scientific. Powder X-ray diffraction (XRD) was measured on a PANalytical 
X’Pert Powder X-ray diffractometer. Transmission electron microscopy (TEM) was 
performed on a FEI Talos F200X. Scanning transmission electron microscopy 
(STEM and EDX) was performed on a FEI Talos F200X.  
STEM EELS experiments were performed on an FEI Titan Thermis 
CryoS/TEM operating at 60 kV and -80 °C at the Cornell Center for Materials 
Research (CCMR) under NSF DMR-1719875. The beam convergence angle was 27 
mrad. STEM EELS data was processed using the CSI plugin for ImageJ.32 This 
experiment was supported by the National Science Foundation (Platform for the 
Accelerated Realization, Analysis, and Discovery of Interface Materials 
(PARADIM)) under Cooperative Agreement No. DMR-1539918.  
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4.6.3.1. Pair Distribution Function Analysis 
Total scattering x-ray measurements were performed on the 28-ID-2 (XPD) 
beamline at the National Synchrotron Light Source II (NSLS-II) at Brookhaven 
National Laboratory. Six nanoplatelet powder samples, as detailed in Figure 4.3.3 
and Figure 4.4.7, were sealed in polyimide capillaries. Diffraction patterns were 
collected at room temperature in a transmission geometry with an x-ray energy of 
66.587 keV (λ=0.1862 Å)  and a total exposure time of 4 minutes per sample.31 A 
Perkin-Elmer flat-panel 2D detector was used for data collection and mounted 
with a sample-to-detector distance of 205.342 mm. The experimental geometry, 2θ 
range, and detector misorientations were calibrated by measuring a crystalline 
nickel powder directly prior to the nanoplatelets, with the experimental geometry 
parameters refined using the Fit2D program.33 Standardized corrections are then 
made to the data to obtain the total scattering structure function, F(Q), which is 
then Fourier transformed to obtain the PDF, using PDFgetX334 within xPDFsuite.35  
The maximum range of data used in the Fourier transform (Qmax, where 
Q=4πsinθ/λ is the magnitude of the momentum transfer on scattering) was chosen 
to be 25Å-1 for the nanoplatelets studied here, in order to give the best tradeoff 
between statistical noise and real-space resolution. 
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The experimental PDF, denoted G(r), is the truncated sine Fourier 
transform of the total scattering structure function, F(Q)=Q[S(Q)−1]: 
!(#) = 2'( )(*) sin(*#) .*/012/034  
Equation 4.6.1. 
where Q is the magnitude of the scattering vector. The structure function, S(Q), is 
extracted from the Bragg and diffuse components of x-ray, neutron or electron 
powder diffraction intensity, after normalizing the integrated coherent scattering 
intensity, Ic(Q), by the total scattering cross-section of the sample, which varies 
based on the elemental composition, giving  
5(*) = 67(*) − ⟨:;⟩⟨:;⟩ + 1 
Equation 4.6.2. 
where f is the x-ray atomic scattering factor averaged over all elements in the 
sample.  
 The PDF gives the scaled probability of finding two atoms in a material a 
distance r apart and is related to the density of atom pairs in the material.24 For a 
macroscopic scatterer, G(r) can be calculated from a known structure model 




!(#) = 4'#[A(#) − AB] 
Equation 4.6.3. 
and A(#) = 14'#;DEEFGFH〈F〉; KL# − #GHMHNGG  
Equation 4.6.4. 
where AB is the atomic number density of the material and A(r) is the atomic pair 
density, which is the mean weighted density of neighbor atoms at distance r from 
an atom at the origin. The sums in A(r) run over all atoms in the sample, bi is the 
scattering factor of atom i, 〈b〉 is the average scattering factor and rij is the distance 
between atoms i and j. 
 In practice, we use Equation 4.6.3 and Equation 4.6.4 to fit the PDF generated 
from a structure model to a PDF determined from experiment. For this purpose, 
the delta functions in Equation 4.6.4 are Gaussian-broadened and the equation is 
modified to account for experimental effects. PDF modeling, where it is carried 
out, is performed by adjusting the parameters of the structure model, such as the 
lattice constants, atom positions and anisotropic atomic displacement parameters, 
to maximize the agreement between the theoretical and an experimental PDFs. For 
nanocrystals, PDF structure modeling can be done using a simple virtual crystal 
(VC) approximation. VC models are built by applying crystallographic symmetry 
and periodic boundary conditions to a small unit cell.  Nanocrystals are finite 
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sized, and this is accounted for by attenuating the calculated PDFs with shape 
functions that encode the morphology. The most widely used software for this 
kind of analysis is PDFgui,36 though in the case of highly anisotropic structures 
such as nanoplatelets, alternative modeling strategies might also be necessary. 
PDF modeling was performed by M. W. Greenberg and S. Banerjee. 
4.6.4. Precursor Synthesis 
4.6.4.1. Trisubstituted Thiourea Synthesis 
Trisubstituted thioureas are synthesized as described previously with 
slight modifications.6, 8 Reactions involving aryl amines were heated to 70°C and 
heated for 1 hour to drive reactions with these less nucleophilic amines to 
completion. Following synthesis, a liquid/liquid extraction was performed using 
1M HCl, sat. NaCl, and the resulting substance was recrystallized from hot 
ethanol. 
4.6.4.2. Cyclic Selone Synthesis 
Cyclic selones are synthesized as described in Chapter 3. 
4.6.5. Kinetics Determination 
Quantitative aliquots with a volume of 0.1 mL were taken from a CdS or 
CdSe nanoplatelet reaction and deposited into a previously weighed vial. A mass 
of toluene equal to 2.5x the weight of the aliquot was added to the vial to 
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standardize aliquot concentration. UV-vis absorption spectra were taken of each 
aliquot and the concentration of cadmium chalcogenide in the aliquot was 
calculated from the size independent absorption coefficient of CdSe at 350 nm.10 
Because there is no such extinction coefficient for CdS, the intensity of the peak at 
371 nm was plotted vs. time to extract a proxy for CdS nanoplatelet formation 
kinetics. The data collected from these methods were fit to a first order fit whose 
rate constant is reported in Table 4.3.1.  
4.6.6. Structure Simulations 
Based on extracted kr values and knowledge of the ratios of sulfur and 
selenium precursors that we inject into a reaction, we can predict the structure of 
the resulting nanoplatelet. Based on the rate limiting precursor conversion of 
chalcogenoureas into solute: 
 





The rate equations are written as: 
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.[O.5R].d = −.[5R].d = efg ∙ [5R] 
Equation 4.6.6. 
 
and .[O.5].d = −.[5].d = ef ∙ [5] 
Equation 4.6.7. 
where [O.5R], [O.5], [5R] and [5] are the concentrations of crystalized CdSe and 
CdS, selenium and sulfur precursors, respectively, and efg  and ef  are the first 
order rate constant of selenium and sulfur precursors. 
 Although it is hard to empirically determine how many nanoplatelets were 
nucleated for a given precursor due to reasons previously described, for the 
purposes of structure modeling, we assume that 1) platelet nucleation happens 
instantaneously in the beginning of the reaction, 2) the number of platelets stays 
constant over the course of the reaction, and 3) we numerically set the number of 
platelets to a value that gives discs with a radius the desired size in nm. Here, we 
choose to simplify our model of the platelets to that of a circular disc even though 
they range in geometry between oval shaped discs to T-shaped. We set the height 
of the circular discs as 1.79 nm which is 3x the average of the CdS and CdSe 
zincblende lattice parameter. 
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 We use the relative production rates of CdSe and CdS at a given time to 
model the composition of platelet at time t: 
O.5R%(d) = 	 efg ∙ [O.5R](d)efg ∙ [O.5R](d) +	ef ∙ [O.5](d) ∙ 100% 
Equation 4.6.8. 
and plot these compositional percentages vs. circular disc radius in nm which is 
calculated by solving the following equation to calculate the volume evolution 
over time: .k/l.d = (.[O.5R].d ∙ km,opfg + .[O.5].d ∙ km,opf) ∙ kqgr7sGtu/aw 
Equation 4.6.9. 
where km,opfg  and km,opf are the molar volume of CdSe and CdS, respectively, k/l  
is the volume of each QD, kqgr7sGtu  is the volume of the reaction solution, and aw 
is a quantity set empirically. x/l(d) follows, based on modeling the volume as a 
cylindrical disc with a height of 1.79 nm. 
4.6.7. Nanoplatelet Reactions 
A three-neck roundbottom flask is loaded with cadmium acetate dihydrate 
(0.938 mmol, 0.250 g) and 1-octadecene (15 mL) and degassed on a Schlenk line for 
15 minutes. In a nitrogen filled glovebox, a 4 mL vial was filled with one or a 
mixture of chalcogen precursors (0.182 mmol) and tetraglyme (1.1 mL). A separate 
4 mL vial is filled with ~1 g oleic acid inside the glovebox. The three-neck 
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roundbottom flask is put under Ar and heated to 195 °C. Upon reaching the 
reaction temperature, 60 µL of oleic acid are injected into the reaction flask 
followed by injection of the chalcogen precursor solution. The reaction is run for 
the desired amount of time, followed by injection of 0.5 mL of oleic acid. This 

















4.6.8. Precursor Characterization 
N-cyclohexylpyrrolidine-1-carbothioamide (3) 
 Yield 0.48 g (22%). 1H NMR (400 MHz, CDCl3): δ = 1.06-1.25 (m, 2H), 1.31-
1.48 (m, 2H), 1.56-1.76 (m, 4H), 1.88-2.03 (br, 4H), 2.03-2.14 (m, 2H), 3.29-3.81 (br, 
4H), 4.21-4.38 (m, 1H), 4.92-5.07 (br, 1H). 13C{1H} (100 MHz, CDCl3): δ = 24.95, 25.35, 
25.62, 33.41, 49.32, 53.55, 177.38. Anal. Calcd for C11H20N2S: C, 62.22; H, 9.49; N, 
13.19. Found: C, 62.30; H, 9.50; N, 13.15. MS (ASAP) m/z calcd for [C11H20N2S + H+]: 







 Yield 0.10 g (4.7%). 1H NMR (400 MHz, CDCl3): δ = 0.86 (t, 3H), 1.3 (m, 6H), 
1.58 (m, 2H), 1.96 (br, 4H), 3.56 (br, 4H), 3.60 (m, 2H), 5.16 (br, 1H). 13C{1H} (100 
MHz, CDCl3): δ = 13.99, 22.55, 25.40, 26.61, 29.51, 31.52, 45.63, 49.51, 178.60. Anal. 
Calcd for C11H22N2S: C, 61.63; H, 10.34; N, 13.07. Found: C, 60.26; H, 10.14; N, 12.71. 









 Yield 0.64 g (31%). 1H NMR (400 MHz, CDCl3): δ = 1.91 (br, 4H), 3.57 (br, 
4H), (br, 1H), 7.07−7.13 (m, 1H), 7.21−7.29 (m, 3H). 13C{1H} (100 MHz, CDCl3): δ = 
25.56, 49.96, 125.65, 125.77, 128.69, 139.44, 178.38. Anal. Calcd for C11H14N2S: C, 
64.04; H, 6.84; N, 13.58. Found: C, 64.24; H, 6.82; N, 13.51. MS (ASAP) m/z calcd for 









 Yield 0.65 g (30%). 1H NMR (400 MHz, CDCl3): δ = 1.89 (br, 4H), 3.50 (br, 
4H), 4.77 (d, 2H), 5.43 (br, 1H), 7.16-7.29 (m, 5H). 13C{1H} (100 MHz, CDCl3): δ = 
25.38, 49.50, 127.52, 127.89, 128.67, 138.41, 178.67. Anal. Calcd for C12H16N2S: C, 
65.42; H, 7.32; N, 12.71. Found: C, 65.42; H, 7.16; N, 12.71. MS (ASAP) m/z calcd for 
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There is great opportunity for the synthetic inorganic chemist to make 
valuable contributions in the field of nanocrystal research. The work of materials 
scientists, physicists, and engineers motivates the need for development of the 
next generation of synthetic methods enabling finer control over nanostructures 
than ever before. The motivation of this thesis was to reinvent the synthesis of a 
graded alloy core/shell nanocrystal and accomplish fine control over the structure 
completely via kinetic control. 
Based on results of simulations, we find that this goal is near impossible, 
given reaction time and temperature constraints. Nevertheless, using the new 
methods described in this thesis, we are able to synthesize high quality materials 
that can be used in solid state lighting applications, in electroluminescent devices 
for seizure detection, and in devices and artificial cell membranes as voltage 
sensitive imaging probes. Although we do not go into great detail on these 
applications in this thesis, these projects represent a snapshot of ongoing projects 
which leverage the utility of our compound library. 
Another goal of the research in this thesis was to add to the growing 
libraries of precursor molecules that produce nanocrystals at tunable rates.  In this 
sense, we were successful. In addition to accessing wider ranges of precursor 
conversion rates and final cadmium chalcogenide nanocrystal sizes, chapters two 
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and three introduce new sulfur precursors including thiocarbonates and 
thiocarbamates which have demonstrable effects on particle monodispersity, as 
well as cyclic thiones and selones whose backbone affects the number of 
nanocrystals nucleated. 
We have also been able to look at fundamental material properties such as 
the differences in growth rates and critical concentrations between cadmium 
sulfide and selenide and observe anisotropic structures that arise in both 
nanoparticle and nanoplatelet systems under regimes of kinetic control. In some 
sense these fundamental studies raise more questions than they end up answering. 
Many of these studies are uniquely made possible by the expansion of our 
precursor library. This also enables studies on the fundamental material properties 
of the cadmium chalcogenides in relation to the lead chalcogenides. 
With the increasingly stringent restrictions placed on the cadmium content 
present in consumer products in Europe, the direct translation of this research to 
industrial applications hangs in question. However, lessons that we learn from 
studying the kinetic control over chalcogen precursor conversion can easily be 
applied to the synthesis of zinc chalcogenides which are commonly used as shell 
materials for cadmium-free particle systems. Additionally, the anisotropic particle 
growth we observe under precursor conversion limited conditions may possess 
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relevance towards the study of current cadmium-free particles or a currently 
undiscovered alternative nanocrystal emitter. 
